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We are enclosing copies of the following reports:
1. Effect of Relative Humidity and Temperature on Stacking Performance.
Project 2695-9, Report One, to the Technical Division, Fourdrinier
Kraft Board Institute, Inc. dated November 10, 1972.
2. Investigation of the Nature and Magnitudes of the Cyclic
Fluctuations in Web Tension and Top Corrugating Roll Molding Force
Components and Their Relationship to High-Lows. Project 2696-8,
Report Two, a summary report to Fourdrinier Kraft Board Institute,
Inc., dated October 18, 1972.
The first report is concerned with the stacking performance of corru-
gated boxes and combined board at the following conditions: 50% R.H.,
73°F. 85% R.H. It was found that at a given applied load ratio, stack-
ing failure times significantly increased as the test atmosphere changed
from 90% R.H. at 90°F. to 85% R.H. at 73°F. and from 85% R.H. at 73°F.
to 50% R.H. at 73°F. Furthermore, the allowable box stacking loads
decrease with increasing moisture content at a significantly greater
rate than is the case for top load compression strength. As a conse-
quence, greater stacking safety factors are required when high R.H.
levels are encountered in storage than has been believed necessary in
the past.
For a given storage period, the applied loads (expressed as a percentage
of the box strength at standard conditions) for a given storage time
varied exponentially with moisture content. For example, for a 180-day
storage period, the applied load percentages (essentially the maximum
load the box would sustain for 180 days) declined from 55% at 7.5%
moisture to 11% at 20% moisture when individual boxes were tested.
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Somewhat higher allowable load percentages were obtained for stacked
palletized boxes. Thus the allowable stacking load decreases very rapidly
with increased moisture content. For this reason it can be costly to
overdesign a package to meet extreme environmental conditions if they are
rarely encountered.
Two further items deserve mention. First, the boxes were fabricated from
combined boards made with regular starch adhesion. It is possible that
high moisture contents might have a lesser effect on stacking behavior if
weather-resistant adhesives were used. Second, the stacked boxes
exhibited higher stacking load efficiencies than the individual boxes.
Further work in these areas should be of interest.
The second report is concerned with a study of (1) the "Cyclic" varia-
tions in web tension and top corrugating roll molding stress on the
medium from flute-to-flute during corrugating, and (2) the relationship
between fluctuations in these variables and high-low flute formation.
For this purpose, the Institute's corrugator was instrumented so as to
continuously record the fluctuations in web tension, top corrugating roll
pressure and the "up-and-down" acceleration of the top corrugating roll.
The latter induces an inertial force on the medium which contributes to
the molding of the flute. The records were then analyzed to determine
the amplitudes and frequencies of the principal stresses applied to the
medium. Among the conclusions reached in the study were the following:
1. Web tension, top roll pressure and acceleration exhibit significant
cyclic components occurring at the flute forming frequency and its
higher harmonics. Thus, the medium is stressed in a very complex
way as each flute is formed.
2. High-lows were correlated with (a) the average tension semi-
amplitudes of the flute frequency component, and (b) the average
acceleration semiamplitudes at the flute frequency of the top
corrugating roll. Thus high-lows are responsive to vibration com-
ponents associated with the "up-and-down" motion of the top corru-
gating roll and web tension. More work is needed to determine how
corrugator condition and medium properties affect these stress
components.
3. A detailed analysis for one run showed that these highly signifi-
cant differences in the amplitudes and phases of the stress com-
ponents from flute-to-flute. Such variations could affect the
molding of the medium from flute-to-flute and promote high-low
flute formation.
4. High-lows exhibit behavior characteristic of autoregressive processes
-- i.e., the height of one flute is dependent in the height of the
preceding flute(s) and a random component. It is speculated that
X - w4-
Mr. T. J. Gross December 4, 1972
Fourdrinier Kraft Board Institute, Inc. Page 3
variations in the web tension and molding force in the corrugating
labyrinth affect the degree of molding of the flute and subsequent
meshing in the pressure roll nip. Further study of the behavior of
the medium in the pressure roll nip would be of value.
Based on these results, it is believed that reductions in machine
vibrations should reduce high-lows and promote higher machine speeds.
After you have had a chance to review these reports, we would appreciate
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Page 52, Fig. 11. In the Figure Caption, please change
(Run 3, Operator Side) to (Run 3, Drive Side).
Page 54, Fig. 12. Figure Caption should read as follows:
Autocovariance Function vs. Time Lag for
Operator Side Flute HeigTtU Differences
page 114, Line 17. Please change 67.5 to 67.6.
" 20. " 90.6 to 90.3.
Line 17. Please change 'above' to 'about'.page 119,
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THE INSTITUTE-OF PAPER CHEMISTRY
Appleton, Wisconsin
INVESTIGATION OF THE NATURE AND MAGNITUDES OF THE CYCLIC FLUCTUATIONS
IN WEB TENSION. AND TOP CORRUGATING ROLL MOLDING .. -
FORCE COMPONENTS AND THEIR RELATIONSHIP TO HIGH-LOWS
SUMMARY 
When corrugating medium is molded to the flute contour, it is subjected
to the following stresses:
(1) Tension stresses due to transport tension-and frictional
effects as it is drawn into the corrugating labyrinth.
(2) Transverse stresses due to (a) top corrugating roll pressure
and (b) inertial forces generated by the "up-and-down"
acceleration of the top corrugating roll.
These stresses oscillate in magnitude during the formation of-each flute..
Inasmuch as variations in the amplitudes of these oscillating stresses may be re-
lated to high-low flute formation, a study-was initiated with the following-
objectives: . ... :. -
1. To determine by means of spectral' and Fourier analyses the
amplitudes and frequencies of the-principal vibration -
components present in the -following variables: web tension,
top corrugating roll pressure and top corrugating roll trans- -
- verse ("up-and-down"') acceleration. 
2. '-To investigate-relationships between the fluctuations in these
variables and high-low flute formation. .
For these purposes the Institute's corrugator was instrumented so as to
continuously record the fluctuations in top corrugating roll pressure, top
.: ..... -. . . . .. .- ,, .J- ~,.'
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corrugating roll transverse acceleration, and web tension. Pressure and accelera-
tion measurements were made on both operator and drive side of the machine. Fabri-
cation trials were carried out in which the following machine factors were varied:
speed, web tension, top roll pressure, and shower pressure. Semichemical mediums
(26 and 33 lb.) from two suppliers were employed in the study. During each fabri-
cation run oscillograph records were obtained for each of the measured variables
over 120 consecutive flutes. The oscillograph records were converted to digital
form for computer time series analysis. ,- . -
Fourier, power spectral density, and autocorrelation analysis techniques
were employed. Fourier analysis is a method for analyzing periodic time series.
It essentially reduces the series to a static component plus a series of sinusoidal
components or harmonics having frequencies which are integral multiples of a funda-
mental frequency.. Power spectral density analysis determines the frequency com-
ponents.present in a time series. Autocorrelation analysis evaluates how the
values of the series at one time are related to the values at another time and is
a means for detecting periodic components in a series.
As an illustration, when the corrugator is-in operation, fluctuations
in medium web tension or top corrugating roll pressure can occur. even though the
average tension or-pressure level is held constant. For example, when a recording
of the fluctuations in tension vs.. time is made, the resulting curve is not the
result of just brake tension but may reflect the presence of many vibration force
factors or components. .Fourier or spectral analysis are ways of breaking down
/
the composite tension vs. time cure in-to the various tension force components.
For example, the recorded tension vs. time curve might be composed of ten different
tension vibration components. The analysis techniques mentioned are directed
toward identifying the individual components in order to provide information




relative to their source. For example; vibration' components may originate due to
rough gearing, worn bearing, vibrations of parts of.the machine structure, etc.
When the cause of the vibration'is known, remedi'al steps can be taken to reduce
or eliminate the vibration. .
During each run, the single-faced board was "flagged" so as to be able
to reference it to the oscillograph records. Flute height measurements were made
on both operator and drive sides over the 120-flute segment corresponding to the
oscillograph record. Power spectral and autocorrelation techniques were used to
analyze the flute height differences and, in a limited way, the measured (undif-
ferenced) flute height values. The following results were obtained:
1. Flute height differences 
(a) The power spectrums for all runs generally'peaked at
frequencies near half the flute-forming frequency.
'They then declined rapidly and rather smoothly toward
zero at lesser frequencies. Thus, most of:the varia-
tions in flute height differences were associated with
the high-low pattern. 'Because two flute height dif-
ferences are required"to form a high-low-.pattern, the
characteristic frequency will be half the flute-forming
frequency. 
(b) 'The autocorrelation coefficients. for; all runs alternated
from positive-to-negative as'they decayed toward zero.
This type of pattern 'is characteristic of certain types
of autoregressive: processes .- i.e., a. process where the
- ' value at time t is dependent on (1) the preceding'value
or values and (2') a random component. An aautoregressive
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: process may have-.a spectrum similar to those mentioned, in. -..
. .- . (a) above. -It. is .speculated that the autoregressive be-,
.:. havior is characteristic of.the flute meshing process,.at-.
the pressure roll. In past work, high-speed motion
pictures have shown that successive flutes often tend
to drop off the finger in an alternate pattern of large
and small amounts. This may be caused by variations in
molding force and/or web tension in the corrugating
labyrinth. Because of this behavior, the medium contacts
the liner on the pressure roll at slightly different times
before the nip and this may affect the way in which the
flutes mesh in the pressure roll nip and consequently,
affect flute heights. Further investigation of phenomena
occurring at the pressure roll nip is warranted.
(c) In most cases the power spectrums indicated the flute
height differences did not exhibit statistically signifi-
cant components of variation at the lower frequencies.
.This occurs, in part, because the.differencing operation
attenuates '.lower frequency components.-particularly near
'zero... Also, because only 120 consecutive flute heights
were measured, the power spectra tended to lack statistical
sensitivity.and very low frequencies such as might be re-
lated to corrugating roll, rotation could not be studied.
The spectra of the undifferenced flute heights generally
indicated the presence of low frequency variations; however,
they were not studied in detail because of. the limitations
due to the.number of observations.: Further work in this
area should be carried out.
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2. -Power spectrums of measured variables ..; .
(a) The power spectrums for all variables under all corrugat-
ing conditions indicated that the dominant. vibration
components were those occurring at the flute-forming
frequency (F) and its second, third, and fourth harmonics
(2F, 3F, 4F). Higher harmonics may be present but were
not analyzed in this study.
(b) The relative importance of the vibration components at F,
2F, 3_, and 4F, varied substantially as: speed and corru-
gator operational conditions were changed - i.e., at one
speed the flute-forming frequency component had the greatest
amplitude; at other speeds one or more of the harmonic com-
ponents had the greatest amplitude. This probably occurs
because certain parts of the corrugator are excited to
vibrate at their resonant frequency and, hence, influence
the magnitudes of the harmonic components. For the Institute's
corrugator it appeared that high vibration amplitudes gener-
ally occurred if a harmonic frequency was in the range of
about 540 or 720 Hz (cycles per second). Each corrugator
would probably exhibit different critical frequencies and
analysis of such behavior for a given machine should be
helpful in improving board quality.
(c) Small but sometimes significant vibration components in the
measured signal were, at times, detected which had frequencies
near the high-low frequency - i.e., half the flute-forming
frequency (F). .In some casesthese components appeared to
be traceable ,to gear vibrations. However,, their low magnitudes
Page 6
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relative to the other.components at F, 2F, etc., made
positive identification difficult. It suggests that
.rough or worn gears could cause vibrations which would
affect flute formation in some cases.
(d) Using multiple. regression techniques it appeared there
was a relationship between average flute height differ-
ences and the mean square values of the pressure and
acceleration. The mean square values are measures of
the general intensity of the variations in the signals.
Thus, high-lows appeared to be related to the two
variables - pressure and acceleration - which affect the
fluctuations in molding force on the medium.
3. Fourier analyses. A Fourier analysis was carried out to determine
the amplitudes and phases of the vibration components at fre-
quencies of F, 2F, and 3F in each measured variable.
(a) The overall average magnitudes of the components at the
flute-forming frequency were as follows:
Top roll acceleration, g.





± 1.02 + 0.91
. -± 3.69 ± 2.98
+ 0.25
Relative to the average top roll operating pressure of
260 p.s'.i., the above pressure semiamplitudes are rela-
tively small. The acceleration semiamplitudes correspond
to forces of 86 and 78 lb./in. for the operator and drive
Fourdrinier Kraft
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sides, respectively.' The-line'load'due to a-top corru-
gating roll pressure of 260 p.s'.'i. is estimated to be
about 350 lb./in. for the Institute's corrugator. Thus,
on the average, the acceleration semiamplitudes corre-
spond to a force variation during the formation of each
flute of about + 25%. -Relative to an operating level of
0.5 lb./in. web tension, the tension seminamplitude results
in about a 50% variation during the formation of each flute.
It appears possible that variations in the magnitudes of
the web tension and top roll acceleration from flute-to-
flute could be related to the occurrence of high-lows.
(b) The average semiamplitudes of the second and-third har-











Operator side ' 441 '
Drive side * ' 43.7
Web tension " 67.5
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Thus, there were important harmonic components in all
measured variables. .These harmonic components affect
the stresses in the medium; hence, variations in their
magnitude or phase affect the molding of the flute and
subsequent behavior at the pressure roll nip.,
(c) Using multiple regression techniques it appeared that
average flute height differences were best correlated
with (1) the tension semiamplitudes of the flute fre-
quency component and (2) the acceleration semiamplitudes
on the drive side of the flute frequency component. The
greater the semiamplitudes of the tension and accelera-
tion variables, the greater the high-lows.. Thus, these
results indicate that high-lows are responsive to vibra-
tion components associated with the top corrugating roll
acceleration and the tension of the web. Future work
would be warranted to determine how corrugator condition
and medium properties affect these variables, Also, the
influence of fluctuations in pressure and acceleration
of the pressure roll deserves study.
4. Fourier Analyses - Run 6. A more detailed analysis was carried
out for this run with the following results.
(a) In most cases the vibration components at the flute-
forming frequency or its harmonics exhibited statistical
significance at the 0.01 level. Components at frequency
ratios of 0.5, 1.5, 2.5,-and 3.5 relative to the flute-
forming frequency were not statistically significant at
Fourdrinier Kraft Board Institute', Inc. Page 9
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the 0.05 level except in one instance. ' Thus, the
principal vibration components are those1 associated
with the flute frequency or its harmonics'.
(b) The analyses o'f variance indicated that in many cases
there were highly significant diffeences in the
Fourier coefficients between replicate' flutes. Gener-
ally, differences in'both amplitude and phase were
involved. 'Such variations could affect"the stresses
imposed on the medium from flute-to-flute and, hence,
promote high-low flute formation. Differences in
amplitude and phase could result -from 'the' presence of
vibration components not accounted for'in the analysis
and also local variations in medium quality - e.g.,
formation, density, or moisture content.' 'Possible
sources of other vibration components'incdlude gear,
'bearings, roll 'unbalance, etc. '' 
(c) When Fourier 'coefficients were calculate'd:for each flute,
the semiamplitudes of the flute frequency' component and
its harmonics exhibited the following coefficients of
variation.
Coefficient of Variation, %
Top roll acceleration
Operator side 13.6 to 37.6
Drive side ' .' . :: 16".3 to 33.7
Top roll pressure . *'..,.. , :. 
Operator side 15.1 to 57.2
Drive side 25.5 to' 56.5
Web tension ' 16 O-.0-t6 52'.5 -
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Thus, appreciable variations in magnitude occurred
from flute-to-flute. . ..
(d) It was observed that the flute frequency components
of.all variables exhibited an irregular cyclic varia-
tion in phase, having :a frequency.of about 15 Hz
(about a 12-flute period at 300 f.p.m. corrugating
speed). .The peaks in phase often appeared to coincide
with regions of greater high-low differences. Phase
, j refers to the location-or time during the formation of
a flute when the particular.variable component exhibits
its maximum amplitude. Thus, this observation suggests
that the occurrence.of greater. than normal high-lows
may be partly dependent on ,the points in time when
-stresses are applied during formation of a.given flute.
The cause for the.phase variations is not known, but
they could possibly. originate due to a low frequency
component or possibly to small cyclic changes in machine
speed superimposed on all the other vibration components
present.. .
5. General. While the above results are not conclusive, they suggest
that high-lows are caused, in part, by machine vibrations associ-
ated with stationary and rotating elements of the machine. The
vibration components are varied and complex., Inasmuch as the
medium functions as a combination:nonlinear spring/damper as it
is molded, it appears that the properties of the medium will
affect vibration levels. Hence, different.mediums will exhibit
varying degrees of high-lows.
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It is believed that reductions in machine vibrations should reduce high-
lows and promote higher machine speeds. Further work is needed to better define
the more important types of problem vibrations on both commercial and pilot plant
machines. When the sources of the vibrations are known, it should be possible to
reduce their magnitudes by design changes, etc.
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INTRODUCTION .
High-low corrugations are a manifestation of the fact that the heights
of consecutive flutes vary in a definite pattern, i.e., the heights tend to be
alternately high and low. The height periodicity appears to be present in all
single-faced corrugated board regardless of type of medium, but the magnitude
may differ from medium-to-medium (1). The fact that the phenomenon is invariably
encountered indicates that the basic cause is inherent in the process although
the magnitude is influenced by the medium and operating variables.
Among the operating variables which are known to influence the occur-
rence of high-lows are (1) web tension, (2) top corrugating roll pressure, (3)
shower steam, and (4) speed (2, 3). While top corrugating roll pressure is
usually controlled at some nominal level, it is known that the pressure oscillates
about the nominal level in a periodic manner at the flute-forming frequency and
higher frequencies (4). Thus, even though the nominal top corrugating roll pres-
sure is held constant, the medium is exposed to a fluctuating pressure which
varies in magnitude from instant-to-instant in the corrugating process. Web
tension behaves in a similar manner.
The top corrugating roll can also move along a line joining the centers
of the top and bottom corrugating rolls (4-6). The significance of this "up-and-
down" motion to molding stresses is that the force which drives the top roll
upwards is provided by the bottom corrugating roll acting through the medium, i.e.,
the driving force is the molding force. The force will depend on the mass of the
top corrugating roll and its acceleration at any instant. This inertial force
also varies in a periodic manner.
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Thus, during the formation of each flute the medium is exposed. to a
fluctuating stress environment. The stresses are (1) tension stresses due,to ,
transport tension and friction in the labyrinth, and (2) transverse (molding)
stresses due to top corrugating roll pressure and the inertial force of the top
roll. Corrugating, in its simplest concepts, consists of inducing a permanent
set in the medium so it will retain a fluted shape. Hence, it seems possible
that variations in the intensities of the molding forces and web tension may
result in varying degrees of "springback" in the molded flute after the medium
leaves the corrugating labyrinth. Such variations may contribute to high-low
flute formation because only small changes in absolute length of medium per
flute will cause a considerably larger change in flute height.
In Report Eight, Project 1108-22, high-speed motion pictures were taken
of the pressure roll nip area. It was observed that as the fluted medium drops
off the end of the finger, the distance which it dropped followed, in many cases,
a regular pattern. Thus, successive flutes often tended "to drop in an alternate
pattern of large and small amounts." This may be caused by variations in molding
force and/or web tension in the labyrinth. In turn, the uneven dropping off the
finger may affect meshing in the pressure roll nip and consequently affect flute
heights.
With the above in mind, a study was carried out with the following
objectives:
1. To determine by means of spectral analysis and other time series
methods the amplitudes and frequencies of vibration components in the tension
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2. To investigate relationships between the. variations in tension,
molding force and high-lows.
Thus, this study focuses attention on variations in web tension and
roll molding force. Extension of the study to phenomena at the pressure roll
also appears desirable in view of the observation cited above.
. . . . .. . . .~~~~~~~~~.
top
nip
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BACKGROUND CONSIDERATIONS
As background information, Fig. 1 illustrates the manner in which the
top corrugating roll pressure, displacement, and acceleration and corrugating
medium web tension vary during the formation of one flute [see also Ref. (4)].
When the corrugating medium arch which is subsequently bonded to the single-face
liner is at the center line of the corrugating rolls the hydraulic force and dis-
placement are at maxima - Points R1 and R3 in Fig. 1. This corresponds to a root
of the top corrugating roll at the center line. A lesser maxima is obtained when
the corrugating medium arch which is subsequently bonded to the double-face liner
is at the center line - Point R2 in Fig. 1. The difference in the maxima may be
related to the effect of the pressure roll acting against the bottom corrugating
roll.
It may be noted that the maxima and minima of the displacement and top
corrugating roll pressure curves coincide timewise. As the top roll moves upward
away from the bottom roll, the top roll pressure increases. Conversely, as the
roll displacement diminishes, the top roll pressure decreases. At a maximum point
on the curves the increased top roll pressure provides the negative acceleration
required to bring the top roll "upward" velocity to zero and reverses its direc-
tion. At a minimum point the top roll pressure reaches its least value, which
in conjunction with the driving force supplied by the bottom corrugating roll
acting through the medium accounts for the positive acceleration necessary to
reverse the roll motion.
It also may be noted that the web tension is near its minimum value
when the top corrugating roll pressure and displacement are at the maximum (R1
and R 3 ). The maximum value of web tension in Fig. 1 occurred about when the
unbonded area of the single-faced board was at the center line (Point R2 ).
Page 16
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Figure 1. Relationships Between-Top Corrugating Roll Pressure,
Acceleration, Displacement, Web Tension, and Flute
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Figure 1 illustrates the general manner in which such variables as
pressure, tension, and acceleration vary during the formation of one flute.
However, it was observed in the recordings obtained in this study that the
appearance of the signals exhibited considerable variation depending on corru-
gating speed, operational variables, operator vs. drive side, etc. In gross,
terms, however, the signals always exhibit a periodic oscillation at the flute-
forming frequency, i.e., a cyclic oscillation with a period corresponding to the
time to go from R1 to R3. The flute-forming frequency may be termed the funda-
mental frequency of the corrugating process. A noticeably large cyclic component
with a frequency equal to twice the flute-forming frequency is also evident in
some of the signals in Fig. 1, i.e., for example, the pressure signal displays
three marked maxima during the formation of one flute. Relative to the flute-
forming frequency this component may be termed the second harmonic. Higher
frequency components are also evident in the signals.
A simple example may be helpful in visualizing the above remarks. If
an A-flute single-facer (36 flutes/foot) is operated at a speed of 167 f.p.m.
the flute-forming frequency would be 100 Hz, i.e., 100 cycles per second. Assume
that the top corrugating roll pressure oscillations are comprised of two cyclic
components at 200 Hz and 100 Hz, as shown in Fig. 2A and 2B. When these components
are added together the curve shown in Fig. 2C is obtained. Broadly speaking, the
resultant curve is similar in form to the pressure signal in Fig. 1 and illustrates
how a complex waveform can result when many cyclic frequencies are present.
The periodic curves in Fig. 2 exactly repeat themselves from cycle-to-
cycle, i.e., in this case, from flute-to-flute. If they represented a variable
which affected flute height, e.g., web tension, the medium would be exposed to
exactly the same tension stress variations during the formation of each flute.
Page 18
Report. Two 
Fourdrinier. Kraft Board Institute., Inc.-
Project 2696-8
200 Hz Component






- Figure 2. Addition of 100 Hz (Flute-Forming Frequency)
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Hence, no flute height variations would occur due to this variable. Variations in
amplitude (or phase) from flute-to-flute would be required to cause differences in
flute height under these circumstances. Such variations could be either periodic
or random, or both in nature.
One way in which a high-low pattern could be induced in the periodic
curves shown in Fig. 2 would be to introduce components having frequencies such
as 1/2 or 3/2 the flute-forming frequency. For example, Fig. 3 illustrates the
effect of adding a 50 Hz component to the 100 and 200 Hz components previously
shown in Fig. 2. The 50 Hz component corresponds to one-half the flute-forming
frequency in this example and induces a pronounced high-low pattern in the resul-
tant curve. If the molding force on the medium or web tension varied in this
manner, alternate flutes would be formed under different stress conditions. As
a consequence, this would produce a tendency for the heights of alternate flutes
to be either high or low relative to their neighbors due to differing degrees of
stress and strain relaxation in the flute walls before the bond between liner and
medium is set.
Cyclic components having frequencies near but not exactly at 1/2 or 3/2
the flute-forming frequency would result in composite patterns somewhat similar
to Fig. 3; however, the high-low pattern would change with time. This would be
one way to explain the reversals in high-low pattern which occur.
At the outset of the study, it was speculated that the basic high-low
flute height mechanism might be explained in the way outlined above. This
hypothesis appears questionable based on the data from this study. This is dis-
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The high-low flute height pattern is in some respects similar to.. certain
types of autoregressive processes wherein the current value of a process at'time t
is dependent on (a) preceding process values and (b) a random component at:time t.
Box and Jenkins (7) indicate that this behavior is often characteristic of processes
where "carry-over effects" occur, e.g., when residues from one batch affect the out-
put of the next batch. In the case of corrugating, this would imply that the way
in which one flute is "set" at the pressure roll nip affects the next succeeding
flute.
With regard to the amplitude of motion of the top corrugating roll,
Peters (6) reported values ranging from about 0.0004 to 0.0008 inch. More recently,
Nordman and Toroi (8) reported that the largest amplitudes measured were about
0.002 inch though in most cases they were less. While these amplitudes are small
in comparison with many flute height differences, this does not mean that the
amplitudes of motion are necessarily unrelated to high-low flute formation. Even
a small amplitude of motion could result in relatively large differences in the
effective molding force on the medium and, hence, in the degree of molding of a
given flute.
The previous discussion focussed attention on random or periodic varia-
tions in molding force or web tension as a possible explanation for the high-low
mechanism. The term periodic means that the oscillation exactly repeats itself
after one full cycle or period. The curves shown in Fig. 2 and 3 are periodic.
However, high-lows vary in magnitude from one pair of flutes to the next and
sporadically large differences in height occur. Some of the latter could be
caused by transient or low frequency vibration disturbances due to out-of-round
medium rolls, unbalanced idler rolls, corrugating roll concentricity, tooth
imperfections, etc. A portion of the variability in flute height from flute-to-flute
J
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probably must be attributed to the medium itself. Local variations in medium
density, thickness; compressibility, etc-., should affect the way the medium re-
sponds to the molding and tension stresses in the labyrinth and its subsequent
relaxation. 
Thus, it may be speculated that high-lows are the net result of the
following: 
(a) Random or possibly periodic oscillations in the molding
force and web tension which would induce high-low varia-
tions in the molding force or web tension.
(b) Transient or low frequency disturbances in molding force
or web tension associated with sporadic occurrences of
large flute height differences.
(c) Local variations in medium properties causing more or less
random variations in flute height.
The above concepts are highly oversimplified. For example, even if
true in part, it is not clear how to explain the propagation or lack of propaga-
tion of high-lows across the machine. This is troublesome in the case of the
Institute's narrow single-facer and perhaps more so in the case of wide commercial
machines where roll flexure and crown may be important. As another example, both
web tension and top corrugating roll pressure (and presumably top roll inertial
forces) are known to affect high-low flute formation. How to allow for the inter-
action of the various cyclic components in these factors on high-lows is a critical
question.
,It may be noted that machine vibrations are cited as a. cause of high-lows
by the Langston Company (9).; Among the sources of vibration mentioned are damaged




bearings, empty accumulators, dirty gears, misaligned corrugating rolls, broken
siphon pipes, worn corrugating rolls, and erratic tension due to out-of-round
medium rolls.
One of the major objectives of the present study was to analyze signals
of the type shown in Fig. 1 in terms of frequency content in order to determine
whether vibration frequencies were present which might be related or corelated to
high-low flute formation. For this purpose, two time series analysis techniques
were employed as follows:
1. Periodic Regression (Fourier analysis)
2. Spectral and autocorrelation analysis
A brief discussion of these techniques follows this section.
I
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TIME SERIES ANALYSES PROCEDURES
A time series is a set of data which vary in magnitude with time. The
data may vary in a periodic manner (Fig. 4A) or in a random manner (Fig. 4B).
Both periodic and random fluctuations may be present as illustrated in Fig. 4C
where random noise is superimposed on a sinusoidal signal.
Two ways of analyzing time series are as follows:
1. Fourier or harmonic analysis (also termed periodic
regression by Bliss (10).
2. Spectral and autocovariance analysis.
Fourier analysis is a method for analyzing periodic time series. A
periodic series is one which exactly repeats itself after one full cycle or
period (T). The number of cycles per unit time is called the frequency (f).
A simple sinusoidal series is. illustrated in Fig. 4A and a series composed of
two sinusoidal harmonically related components was illustrated previously (Fig. 2).
In general, a periodic time series may be described by a Fourier series,
one form of which is shown below (9):
x(t) = a /2 + X1 cos [2r fit - 01] + X2 cos [47r f2t - 02]. . (1)
where
t = time
fl = fundamental frequency, Hz
X1, X2,... = semiamplitudes of components 1, 2, ...
I0, 02,... = phase angles of components 1, 2, ...
a /2 = mean
-o
x(t) = magnitude of x at time, t
Fourdrinier Kraft Board Institute, Inc.











Figure 4. Illustrative Time Series (A = Sinusoidal, B = Random,
C = Sinusoidal Plus Random)
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Thus, a periodic time series may be reduced to a static component (a /2)
-o
plus a number of sinusoidal components or harmonics having frequencies which are
integral multiples of the fundamental frequency.
Fourier analysis procedures are well known and statistical methods have
been developed to evaluate the statistical significance of the harmonic terms. A
description of such tests may be found in Bliss (10).
Fourier analysis procedures were used in this study to describe the
periodic variations in the pressure, tension, and translational acceleration signals
measured on the corrugator. In this way a given signal is described in terms of
the amplitudes and phases of the flute-forming frequency (F) and its harmonics.
In general, the pressure, tension and acceleration signals obtained in
this study appeared to exhibit periodic characteristics with a fundamental frequency
equal to the flute frequency. Fourier methods appear appropriate for studying these
variations.
The second general method of analysis used in this study involved power
spectral density and autocorrelation techniques as described by Blackman and Tukey
(1l), Bendat and Piersol (12), Granger (13), and many others. These techniques
were developed for analyzing random time series (see Fig. 4) so as to be able to
characterize such series and to detect periodic components hidden in such series.
The power spectral'density is a measurement of the variance in magnitude
of a series within a narrow frequency band. A plot of power spectral density vs.
frequency is termed the power spectrum. Peaks in the power spectrum at certain
frequencies indicate the presence of significant oscillatory components at such
frequencies. 'For example, in the case of machinery vibrations the appearance of
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significant peaks in power spectral density at certain frequencies can indicate
which elements of the machine cause the vibrations and, in turn, lead to correc-
tive measures. This was one of the objectives in mind in applying this technique
to the corrugator.
For a sine curve such as that shown in Fig. 4A, Bendat and Piersol (12)
indicate that the power spectrum would appear as in Fig. 5A. The power spectral
density [Gx(f) is zero at all frequencies except the frequency of the sine curve.
At this frequency the spectral density is theoretically infinitely great; however,
over a finite frequency range which includes the sinusoidal frequency the spectral
density will have a finite value equal to the mean square value of the sine curve.
For "white" noise the power spectrum is constant over all frequencies.
Thus, the random series illustrated in Fig. 4B would have a relatively smooth
broad spectrum as illustrated in Fig. 5D. For the case of a random noise super-
imposed on a sinusoidal curve the power spectrum is "the sum of the power spectra
for the sine wave and random noise separately ... " (12). This is illustrated in
Fig. 5B while Fig. 5C shows the power-spectrum for narrow band random noise.
Thus, the power spectrum is a powerful tool for detecting periodic
components in a time series. As a practical example, Foster (14) analyzed the
speed variations of a multiwall sack tuber in order to determine the causes of
tube length variations. A number of significant peaks were obtained in the power
spectrum. Two of the peaks were associated with variations in line shaft and
knife drive speed which, in turn, were responsible for the tube length variations.
Another example cited by Mitchell and Lynch (15) may be of interest.
They investigated the noise levels of a set of involute gears operating at a
















Power Spectral Density Function Plots (Power
Spectra). (a) Sine Wave; (b) Sine Wave Plus
Random Noise; (c) Narrow-Band Random Noise;
(d) Wide-Band Random Noise [Ref. (12)]
Figure 5.
1J \--I
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respectively. Figure 6 shows the power spectrum of the sound pressure level vs.
frequency. The authors concluded that there were three major regions of noise
level - namely, around 885, 2035, and 2649 Hz. Amplitude modulation due to pinion
eccentricity was responsible for the 885 Hz region. This corresponded to the fourth
lower sideband [1038 - 4(38.44)]. The components having frequencies near 2035 Hz
corresponded to sidebands of the second harmonic of the tooth contact frequency.
The authors also stated that the last major frequency region near 2649 Hz was
associated with "inaccuracies manufactured into the pinion." Thus, power spectral
density analysis can be a powerful tool for identifying the sources of vibration in
practical problems. This particular example is included because of its possible
relevance to corrugating, i.e., corrugating rolls are a type of gear and the machines
are usually gear driven.
Power spectra can be measured using analog devices and also by digital
computer analysis. In the latter case, analog recordings must be digitized by
reading magnitudes at equally spaced time intervals over the length of the record.
This procedure was followed in this study. The computer program (BMDO2T) was taken
from the BMD Biomedical Computer programs prepared by the University of California.
Some modifications in the program were necessary to adapt it to the Institute's
IBM 360 computer.
The autocorrelation function of a time history describes the "dependence
of the data at one time on the values at another time" (12). Thus, while power
spectral density is concerned with the properties of the data in terms of frequency,
the autocorrelation function performs a similar function in terms of time. They
are mathematically related to each other.
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For a given time history "an estimate of the autocorrelation between the
values of x(t) at times t and t + T may be obtained by taking the product of the
two values and averaging over the observation time (T)." Thus, the time history
is compared with a time shifted version of itself and a graph of the resulting
autocorrelation function is plotted as a function of the delay time.
For a sinusoidal curve the autocorrelation function [Rx(T)] is periodic
over all time displacements (T) with the same period as the original curve as
shown in Fig. 7a. This occurs because the sine curve is identical to itself
whenever the time shift is an integral number of periods.
For random noise the autocorrelation is sharply peaked at zero time lag
and diminishes rapidly as the delay time is increased (Fig. 7d). This occurs
because even small time shifts are sufficient to disturb the similarity between
the wave shape and its time shifted version.
For a sine wave with superimposed random noise the autocorrelation
function is "the sum of the autocorrelatograms for the sine wave and random noise
separately" (12). This is illustrated in Fig. 7b. There is a sharp peak at zero
delay time and thereafter the function displays a sinusoidal form which persists
over all time displacements.
Thus, the autocorrelation function is a means for detecting deterministic
data which may be hidden or masked by random fluctuations.
Both autocorrelation and power spectral analysis techniques can also be
used to determine the similarities between two time histories. They are then
termed cross-correlation and cross-spectral density. Finally, the correlation
between two time histories as a function of frequency can be calculated from the
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cross-spectral density and the spectral densities of the two parent series. This
correlation function is termed the coherence function and it behaves in a similar
manner to the conventional correlation coefficient employed in simple or multiple
regression. Thus, if the two series are not related at all at a particular fre-
quency, the coherence function is zero; If the two series were perfectly related
at a given frequency, the coherence would equal unity. ', 
The Computer Program used for power spectral density analysis also was
used to obtain autocovariance, cross covariance, cross spectra, and coherences.
MATERIALS
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3. Top corrugating roll
and drive side
pressure: operator and drive side
transverse acceleration: operator





with characteristics as follows were used:
CEC4-329
O to 500 p.s.i.
in excess of 25,000 Hz
The pressure transducers were installed in the hydraulic pressure lines
between the hydraulic piston and accumulator on each side of the machine. Pro-
visions were made to allow for bleeding any air in the hydraulic system at the
point where the transducers were installed. Figure 8 illustrates the location
of the transducer on the operator side.
The output from the transducer was fed into high and low gain amplifiers
connected in series allowing gain factors ranging up to 25,000. From the ampli-
fiers, the output was fed into a 14-channel Midwest Model 800 recording oscillo-
graph.




Pressure and Acceleration Transducers, Operator Side
Web Tension
Figure 8. Location of Transducers
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TOP CORRUGATING ROLL TRANSLATIONAL ACCELERATION MEASUREMENT
Two accelerometers with characteristics as follows were used:
Type: Endevco 2217
Range: to 1000 g., sinusoidal
Frequency response: + 5%, 2 to 7000 Hz
The accelerometers were mounted on the top of the bearing blocks on each
side of the machine. They were thermally and electrically isolated from the bear-
ing block by means of one-inch thick (one-inch diameter) blocks of Micarta.
The accelerometers were connected to a Columbia Model 4101 charge
follower. The output from the charge follower was fed into a low gain amplifier
(gain factor 10 to 50) and then into the oscillograph galvanometers. Special
shielding cable was installed over the cable leading from the accelerometers to
the charge follower to eliminate stray electrical currents.
WEB TENSION MEASUREMENT
For the purpose of measuring web tension a special tension apparatus
was installed on the corrugator after the main showers as shown in Fig. 8. The
apparatus consisted of a 6-inch diameter roll weighing 7.3 lb. which was fixed
to two sturdy cantilevered arms. The bases of the cantilevered arms were bolted
to rigid support brackets which were in turn bolted to the main shower supports.
The main shower supports rested on Unisorb shock pads to dampen out machine
vibrations transmitted through the frame.
Two semiconductor strain gages (BLH, Type N) were installed on each
arm so that one gage acted in tension and the other in compression when force
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was applied to the'end of the;arm. The four gages were connected-in a 'full wheat-
stone bridge configuration. An excitation power of 10 volts was supplied to the:.
bridge. The output from the bridge was fed into a high and low gain'.amplifier::; .:
connected in series allowing gain factors up to 25,000. From the amplifiers the...
signal was fed into the oscillograph galvanometers.
It may be remarked that the web tension measuring system was one which
was used in a past study on the Institute's corrugator. For this study it was
modified to increase its natural frequency so that more accurate tension measure-
ments could be obtained. After modification, it appeared that the natural fre-
quency of the strain gaged arms was near 1100 Hz. However, there was also an
indication that the entire system exhibited a lower natural frequency. Therefore,
caution must be exercised in interpreting -the tension signals - particularly for
frequencies above 500 Hz. -
TIME SYNCHRONIZATION
In addition to the above, a Hewlett Packard. frequency -generator was set
at 200 Hz, and the 200 Hz signal was-recorded along-one edge of .each oscillographic
trace. This provided a precise time measurement for checking the chart speed.
CALIBRATION .. · '. .. :
Calibration factors for the pressure measuring system were obtained by
varying the hydraulic pressure control and observing the corresponding deflection
of the pressure signal on the oscillograph record. The calibration was carried
out for each gain setting used in the runs.
4 - ' . , . .- ' -.-
The calibration factors for the acceleromete.rs'were calculated from
the manufacturers' literature. .-... ' .- -.
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-The tension arm was calibrated by hanging weights from the fixed roll
and observing the deflection of the tension signal on the oscillograph record.
A correction factor was calculated.to allow for the fact that the web entered
the nip at an angle of about 6°20 ' from.the vertical. 
FABRICATION PROCEDURES
The operating conditions employed in the fabrication runs are outlined
in Table I. In addition, the following operating conditions were employed for
all runs:
1. Bottom roll pressure, p.s.i.
Operator side: 180
Drive side: 220
2. Accumulator pressure, p.s.i.
Operator side: 200
Drive side: 200
3. Finger clearance (relief style), in.: 0.016
4. Transfer to lower corrugating roll clearance, in.: 0.015
For each run the corrugator was brought up to the selected speed and
the web tension was adjusted to the desired operating level (0.5 lb./in. for all
but one run). The gain settings and balance for each transducer were then
adjusted so as to obtain a reasonable amplitude (about one-inch deflection on
the chart) and to space the five transducer signals across the chart paper. The
recorder was then started and a small 3-mil aluminum shim faced with splicing
tape was fed into the corrugator nip on the operator side of the web. As the
shim passed between the rolls it forced the top corrugating roll up and caused
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recording to the single-faced board. For each run the length of the oscillograph
record encompassed at least 120 flutes in most cases.
Moisture content measurements were obtained for each roll at the end
of the runs. The moisture contents were as follows:










DATA REDUCTION ' 
The oscillograph record for each run contained two top corrugating roll
pressures, two top roll accelerations, one tension, and one timing signal encom-
passing at least 120 consecutive flutes. As mentioned previously, during the
corrugating operation a small thin aluminum shim was placed on the medium just
before the medium entered the corrugating labyrinth. As the shim passed through
the labyrinth it raised the top roll slightly and produced a momentary shift in
the signal levels. When the records were examined after each run, the location
on the record corresponding to the shim location was noted. The starting point
on the record was then determined by counting forward ten flutes from the point
where the disturbance on the record indicated that the shim had emerged, from the
labyrinth. The ten-flute allowance appeared to be sufficient to avoid. inclusion
of any aftereffects of the disturbance caused by passage..of the shim in analysis,
of the record or in the high-low measurements on the single-faced board. Using
the above procedure, it is believed that the oscillograph records and high-low
measurements were synchronized to within about one flute.- . .
The time signal trace on each record was then analyzed to obtain an
indication of the actual speed of the recorder. Those speeds were used to con-
vert distance measurements on the chart to time.
The analog signals on each chart were then digitized, i.e., beginning
at the starting point as defined above, readings were obtained of the magnitude
of each signal at equally spaced time intervals over the length of chart corre-
sponding to 120 flutes. The digitizing was performed by Computrex Computer
Centres, Ltd., Calgary, Alberta, Canada. They used a Calma 485 digitizer and
recorded the data on 800 bpi. nine-track tape.
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The choice of digitizing interval involved consideration of several
factors - namely, maximum frequency of interest (Nyquist cut-off frequency),
resolution, statistical reliability, and cost. When continuous data are con-
verted into discrete data, the maximum frequency which can be detected is deter-
mined as follows (12):
f = 1/2h (2)
where
f = Nyquist cut-off frequency, Hz
-c
h = time interval between samplings, sec.
Thus, the smaller h is, the higher will be the cut-off frequency. Reference (12)
suggests that f should be 1.5 to 2.0 times greater than the maximum frequency of
-c
interest. For this study, it appeared that the maximum frequency of interest
would be twice the flute-forming frequency. Accordingly, the time increment h
was selected so that f would be approximately four times greater than the flute-
-c
forming frequency for 'all runs with the exception of Run 6. In the case of Run 6,
h was halved so that frequencies up to eight times the flute-forming frequency
could be analyzed if needed. For 120 flutes the above procedure resulted in 960
readings per signal (eight data points per flute per signal) when h was chosen to
make f approximately four times greater than the flute-forming frequency and 1920
-c
readings per signal for Run 6.
Frequencies greater than f are aliased. This means that any higher-C
frequencies in the data are confounded with frequencies below f . For example,
-c
a significant frequency component at five times the flute-forming frequency would
appear as a component at three times the flute-forming frequency; a component at
six times the flute-forming frequency would appear as a component at twice the
flute-forming frequency, etc. One method which can be used to avoid this aliasing
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is to filter the data prior'to' digitizing so that' information. contained.in the
signal above 'f is no longer present 'in-'the data.- However, .the.:instrumentation' ,.'-.-c
required to pursue this approach was-not available for.this:study. '- . -.'
Further considerations involved in the selection of the digitizing
interval (and hence, cut-off frequency) and number of observations involve
statistical reliability. For spectral calculations, Reference (12) indicates
that the normalized standard error (c)-and the degrees of freedom n,-are given by
the following expressions ' - '- i -
,. -.... £= 1/(Be h N)
' - (3)
n = 2N B h (4)
e
where ' ' '
N'= number of observations : :' - -
n = degrees of freedom -.
h = time increment between data values. '--
B = equivalent resolution band width ' : .
-e
Band width is related to the minimum frequency interval to be resolved.
Equations (3) and (4) show that if high resolution (small B ) is desired then
either h or N or both must be made large to maintain a low standard error or high
number of degrees of freedom. Similarly, if h is made small to achieve a high
cut-off frequency, then a large band width or N would be required to maintain a
low standard error. Thus, in practice a compromise between resolution, cut-off
frequency, and N is usually necessary.
For the spectral analyses of the digitized signals, N was constant at
960. In the spectral analyses, the product of B hN was selected so as to give a
standard error of about 0.3 or about 20 degrees of freedom.
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The:power spectrums. for the flute.,height differences were based on 119
values. In most analyses, the band width was selected so as to provide.spectral.
density estimates over-18 .frequency intervals between zero and the upper frequency
limit (half the flute-forming frequency). The number of degrees of freedom was
only about seven. For improved sensitivity and reliability, a considerably greater
number of flute height observations would have been desirable.
When.. the data were digitized the. recorded readings in terms of chart
divisions were multiplied by appropriate calibration factors. Thesefactors are
shown in Table II for the runs which were digitally processed. Because of cost
considerations it was not possible to digitize the records for all runs.
After converting the oscillograph records to digital form the data for
each signal were averaged. The observed value at each time was then subtracted
from the average to give a residual deviation corresponding to the instantaneous
fluctuations of the signal about the average level. This was necessary in the
case of the pressure and tension signals because.,the true zero was off the chart





























































































































































































































































































































































































































































































































































































































































































































Page 46 Fourdrinier Kraft Board Institute, Inc.
Report Two Project 2696-8
TEST PROCEDURES
For each run the samples of single-faced board were evaluated to determine
their flute heights. The measurements were started on the tenth flute from the end
of the aluminum flagging shim and continued to give a total of 120 flute height
readings (88 flutes in the case of Run 2). Measurements were made on both operator
and drive sides.
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DISCUSSION OF RESULTS
FLUTE HEIGHT DIFFERENCES
During each fabrication run the single-faced board was flagged for later
synchronization with the recorded fluctuations in top corrugating roll pressure,
acceleration, and web tension. The samples of single-faced board were evaluated
for flute height by measuring the heights of 120 consecutive flutes on the operator
and drive side of each sample. For Run 2, only 88 flutes were measured because the
oscillographic record did not extend over the full 120 flutes. Average flute height
differences were calculated by taking the absolute difference between each pair of
consecutive -flutes and averaging the 119 (or 87, Run 2) differences so obtained.
Thus, the average difference is a measure of high-low flute formation.
A .summary of the flute height results is shown in Table III for the runs
which were analyzed in detail. It should be kept in mind that the flute height
differences (termed Av. Diff. in Table III) tend to have wide confidence limits
despite the large number of measurements included in each average. For 120 measure-
ments the data in Reference (2) indicate the 95% confidence limits would be about
+ 25% or slightly greater. Thus, small differences in the Av. Diff. between runs
are probably not statistically significant.
In general, it may be noted that the drive side exhibited greater flute
height differences (high-lows) than the operator side in 12 of the 13 comparisons.
It is not surprising that a difference exists between operator and drive sides
because the motion of the top corrugating roll on the drive side must be affected
to some extent by the steam piping. This is not to say that high-lows must neces-
sarily always be higher on the drive side as it probably depends on the condition
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A typical high-low pattern is illustrated in Fig. 9 for Run 3 (300 f.p.m.).
In Fig. 9, the algebraic differences in height (H) between consecutive flutes
(H - H +) are graphed from n = 1 to n = 119, i.e., over 120 consecutive flutes.
The differences display the well-known high-low pattern, i.e., they tend to be
alternatively positive and negative. At sporadic intervals the pattern reverses.
The magnitudes of the differences fluctuate in an apparently irregular or random
manne r.
At 300 f.p.m. the nominal flute-forming frequency is 180 flutes per
second for A-flute corrugations (36 flutes/foot). In Run 3 the actual flute-
forming frequency was about 184 flutes per second corresponding to a speed
slightly in excess of 300 f.p.m. Thus, the flutes were being formed at a rate
of about one every 0.0054 sec. in Run 3. Viewed in this way, the flute height
readings form a time series in which each height reading is separated by a constant
time interval (0.0054 sec. in this instance).
To obtain information relative to the frequency behavior of the flute
height differences, power spectrums were obtained for Run 1 through 9. The power
spectrums for the flute height differences for Run 3 are shown in Fig. 10 and 11
for the operator and drive sides, respectively. (Note: The natural logarithms
of the spectral densities are plotted because this results in a constant confidence
interval.) It may be noted that the spectral density is highest in both graphs at
a frequency of about 92 Hz, i.e., at half the flute-forming frequency (184 Hz) for
this run. This is caused by the high-low pattern in the flute height readings.
The power spectral densities decrease rapidly as the frequency decreases from 92
Hz and no peaks, which would indicate significant variations at intermediate fre-



































































































Figure 10. Power Spectral Density (PSD) of Flute Height




























Figure 11. Power Spectral Density (PSD) of Flute Height
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frequency and diminishes power at frequencies near zero (see Appendix I), and this
accounts for the low spectral densities as zero frequency is approached.
To investigate the nature of the power spectrum at low frequencies such
as might be associated with corrugating roll rotation or out-of-roundness of the
corrugating medium roll would require a much longer record of flute heights than
were obtained for this study.
The power spectrums in Fig. 10 and 11 were obtained using 18 lags, i.e.,
the spectral densities were determined at 18 frequency levels in addition to zero.
Inasmuch as there were only 119 differences the number of degrees of freedom is
about seven, hence the confidence limits about any point are relatively broad.
The 90% confidence interval shown was estimated using the procedure given by
Granger (13). Taking the confidence interval into consideration and the loga-'
rithmic PSD scale, it appears that much of the high-low variation has the appear-
ance of being concentrated at frequencies at about half the flute-forming frequency.
Very similar power spectral graphs were obtained for all of the runs
which were analyzed in this way. Further information on the nature of high-low
variation is obtained from the autocorrelation function. Autocorrelograms are
shown in Fig. 12 and 13 for the operator and drive side flute heights, respectively,
for Run 3. As mentioned previously, the shape of the autocorrelogram is quite
different for periodic and random variations. Used in this way it is possible
to determine whether the variations in a given series are periodic or random.
Referring to the figures there are several features of the diagrams that
are of importance as follows: First, the autocorrelation function in both plots
decay rapidly to near zero for modest increases in time lag. The time interval
between successive positive points is 0.0108 sec. which corresponds to half the






















Autocovariance Function vs. Time Lag for Drive
Side' :Flute Height Differences .(Run. 3)'

















Figure 13. Autocovariance Function vs. Time Lag for Drive
Side Flute Height Differences (Run 3)
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flute frequency. The rapid decay indicates that the flute height differences which
contribute so significantly to the power spectrum near half the flute-forming fre-
quency are random in nature. They probably correspond to narrow band random vibra-
tion.
Second, in both diagrams there is a tendency for the points to diverge
or oscillate about zero at the longer time lags. In a purely random series the
autocorrelation function approaches zero as the time lag becomes large. 'It is
not clear whether the deviations from zero at the longer time lags are statistic-
ally significant. However, they suggest there may be low-frequency variations in
flute height differences of a periodic nature. While beyond the scope of this
study, it would be of interest to determine the causes of such periodic variations.
They might arise from such factors as medium roll out-of-roundness, corrugating
roll or idler roll unbalance, etc.
Third, it may be noted, that starting at zero time lag, the autocorre-
lation function oscillates in a sawtooth fashion - positive to:negative to positive,
etc. This pattern was evident in the autocorrelograms for all the runs which were
analyzed (nine in all). Box and Jenkins (7) indicate that this type of pattern is
characteristic of certain types of autoregressive processes. An autoregressive
process is one in which the current value of the process is dependent upon a
combination of previous values of the process plus a random shock or Icomponent.
For example, autoregressive processes of the first and second order would be
defined as follows:
First order. dt = . dt + at (5)tCL-1 "U
d t = dt l + _2d + at-1, t-2 + &Second order. (6)
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where
dt, d , d = values of process at times t, t-l,. and t-2
t t-l t-2
1, '2 = adjustable parameters
at = random shock component at time, t
Thus, in the first order process the value at time, t, is dependent on
the previous value and the random component at time, t. The second order process
involves the two previous process values. In general, the parameters '1, '2, etc.,
must satisfy certain conditions. For example, for the first order process, '1
must be less than unity for a stationary process. The parameters '1, 02, etc.,
can be estimated from the autocorrelation coefficients which are dependent on the
autocovariance values at each lag. Thus, the autocorrelation coefficient at lag
is obtained by dividing the autocovariance value at lag by the autocovariance
value at zero lag.
Autocorrelation coefficients for the flute height differences are tabu-
lated in Table IV for Runs 1 through 5. In these runs the speed was increased from
150 f.p.m. for Run 1 to 450 f.p.m. for Run 5. Table V summarizes results obtained
for Runs 6 through 9 where various operating conditions were changed. For every
run the autocorrelation coefficients alternate from positive to negative as they
decay toward zero. This type of pattern is obtained with first order autoregres-
sive processes when Pi has a large negative value. Also, in this case, the power
spectrum would be similar to those obtained in this study, i.e., the spectral
densities would peak at half the flute-forming frequency. Thus, as a first approxi-
mation it appears that high-lows behave as a first order autoregressive process.
However, it is possible that more detailed analysis would reveal that higher order
autoregressive models or other models incorporating autoregressive and moving
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Assuming a first order autoregressive model, an estimate of the magnitude
of <1 is provided by the autocorrelation coefficient at lag 1. For example, for
Run 1, operator side, the model would be
dt = -0.796 dt +at (7)t t--l
where
dt, dt 1 = flute height differences at t and t-l, pt.
a = random component
Thus, on the average, Equation (7) indicates that the difference in height
at time, t, is equal to -0.796 times the previous difference plus an additive com-
ponent at.
Before discussing the possible nature of at it may be noted that the co-
efficients at lag 1 in Tables IV and V vary from -0.716 to -0.907 and average -0.832.
The changes in coefficient are relatively small considering the flute height dif-
ferences between runs, the range of operating speeds, and the changes in operating
conditions. There also appears to be no obvious relationship between the coefficient
and the average level of flute height differences.
Thus, it appears that flute height differences on the Institute's corru-
gator exhibit behavior characteristic of an autoregressive process in which the
coefficient 1i is highly negative and nearly a constant. The cause for such be-
havior is not known. However, it might arise if different lengths of medium are
drawn into the labyrinth as alternate flutes are formed or if alternate flutes do
not properly come into mesh at the pressure roll. There are objections to either
explanation but both would tend to account for the dependence of a given flute
height on the height of the previous flute.
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As mentioned previously, the high-speed motion pictures discussed in
Report Eight, Project 1108-22, appeared to indicate that the flutes fall off the
fingers in a nonuniform high-low manner as the corrugated medium enters the
pressure roll nip. Hence, they contact the liner on the pressure roll at slightly
different times or distances from the nip, and this may possibly affect the way in
which they mesh in the pressure roll nip.
Pursuing.this viewpoint, the irregular variations in flute height from
flute-to-flute would be associated with the random factor at . This could reflect
local variations in the properties of the medium and the forces imposed on the,
medium in the labyrinth during the formation of each flute.
In the preceding analyses, the flute heights were differenced before
analyses. As mentioned previously, the differencing operation removes any low-
frequency trend in the data. Hence, it facilitated analysis of the high-low
pattern. However, the attenuation of low frequencies makes it difficult to
detect low-frequency variations in the data. Analysis of the undifferenced flute
height observations avoids this difficulty. In this study, only 120 flutes were
measured. This corresponds to slightly more than one revolution of the top corru-
gating roll. Thus, frequencies related to roll revolution, or'lower frequencies
could not be studied. Longer flute height records would be required to evaluate
whether such frequency components are present.
With the foregoing in mind, Fig. 14 shows the power spectra obtained for
the undifferenced flute height readings for Run 3. The power spectra suggest there
may be low-frequency variations present in the flute height readings, e.g., on the
operator side a component having a frequency near 20 Hz may be present. On the







































Figure 14. Power Spectral Density (PSD) of Flute Heights
vs. Frequency for Run 3
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because the spectra are based on only 120 readings, it is difficult to identify
statistically significant components. For this reason, a detailed analysis of
this type was not pursued for all runs.
GENERAL APPEARANCE OF MEASURED VARIABLES
For each fabrication run, an oscillograph record was obtained showing
the fluctuations in the following variables:
1. Top corrugating roll pressure
2. Top corrugating roll acceleration along the plane passing
through the roll centers
3. Corrugating medium web tension.
To illustrate the general appearance of the oscillograph records, a
tracing of a short section of the record for Run 3 is shown in Fig. 15. The
corrugating speed for Run 3 was approximately 300 f.p.m. corresponding to a
flute-forming frequency of 180 Hz.
In general, the signals exhibit a major frequency component corresponding
to the flute-forming frequency. This occurs because of the gear action of the
corrugating rolls.
Oscillations at a frequency corresponding to twice the flute-forming
frequency are particularly noticeable in the drive side pressure and acceleration
signals. This may be termed the second harmonic of the flute-forming frequency.
High frequency oscillations are also present in many cases. For example, the
operator side pressure signal displays a noticeable fourth harmonic frequency
component which appears to vary somewhat in amplitude and/or phase from flute-to-
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Top Corr. Roll Acceleration,
Operator side
Figure 15.. Oscillograph Record of Run 3.
Corrugating Speed 300 f.p.m.
Nominal
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As mentioned previously, each oscillograph record of the type shown in
Fig. 15 was digitized by reading values from each variable (signal) at constant
time increments over a period corresponding to 120 flutes. The resulting data
were then analyzed using (a) power spectral density techniques to determine the
frequency content of the signals and (b) Fourier analyses techniques to determine
the amplitudes and phases of the significant components.
POWER SPECTRAL DENSITY ANALYSES
Each signal from each run was analyzed to identify the important fre-
quency components in the range from zero to four times the flute-forming frequency
(F). Preliminary analyses indicated that the amplitudes of the components at F
and its harmonics were so great as to introduce numerical instability in the
spectral density calculations. To reduce this problem, the digitized data for
each signal were "prewhitened" using the special digital filter described in
Appendix I. This filter moderately reduced the power at F and its harmonics.
The power spectrum of the "prewhitened" signal was then calculated and "recolored"
to allow for the effect of the "prewhitening" 'filter. Discussions of "prewhiten-
ing" and "recoloring" techniques may be formed in References (11) and (13).
Top Roll Acceleration Power Spectrums
The up-and-down acceleration of the top corrugating roll is one of the
factors affecting the molding force on the medium. Its units in this study are
expressed in terms of multiples of the gravitational acceleration, g, where g
equals 386 in./sec. 2 For example, an acceleration of 193 in./sec. 2 equals 0.5 g.
The force at any instant due to the up-and-down acceleration of the top roll will
equal the mass of the upper roll (including bearing blocks and bearings) times
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Table VI tabulates the peak acceleration spectral densities for the
harmonic components for all runs. Inspection of the table reveals that the rela-
tive importance of the harmonic components in terms of peak spectral densities
varies substantially from run-to-run. On the operator side, the flute-forming
frequency exhibits the highest spectral density in 10 of the 13 runs; however,
in two runs (Runs 1 and 5), the second harmonic is the greatest component and
in Run 3, the fourth harmonic is the greatest. Also on the operator side, the
component at the flute-forming frequency component exhibited the second highest
peak in three runs; the second harmonic was second highest in six runs and the
fourth harmonic was second highest in four runs.
These variations in relative importance are probably related to specific
vibration frequencies or frequency ranges. In Table VII the nominal frequencies
of the highest and second highest components are tabulated. While the data at
various speeds are limited, it appears that significant harmonic components can
be excited for frequencies near 180 Hz or multiples thereof. For example, for
Run 1, the 180 Hz component is higher than the flute-forming frequency component
(90 Hz). For Run 2, the first multiple of the flute-forming frequency (135 Hz)
which is also a multiple of 180 Hz is 540 Hz and this component was the largest
harmonic component in the Run 2 signal. In the case of the runs at 300 f.p.m.,
the fourth harmonic near 720 Hz was a fairly important component on the operator
side in five of the six runs carried out with 26-1b. medium. In the case of Run 5,
the second harmonic at 540 Hz (a multiple of 180 Hz) was higher than the flute
frequency component (270 Hz). The other run at 450 f.p.m. (Run 14) reversed the
order but the 540 Hz component was still a major term.
During the course of the work, a very limited trial indicated that





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































appeared that the amplitudes become markedly greater in certain speed ranges, e.g.,
near 300 and 375 f.p.m. These may be termed critical speeds.. The higher vibration
amplitudes in such speed ranges may occur because one of the higher harmonics is
excited, e.g., the 720 Hz component at 300 f.p.m. It appears likely that operation
of the corrugator at such speed would affect the tendency to form high-low flutes.
TABLE VII

























































Comp. Comp. . Comp.
180 (2F) 90 (F) 180 (2F)
:540 (4F) 135. (F)- --
180 (FT 720 (4F) 180 (F)
225 (F) 450 (2F) 
540. (F) 270 (FT 540 (2F)
180. (F) 720 .(4F) 180 (F)
180 (F) 720 (4F) 360 (2F)
180 (F) 360 (2F) 360 (2F)
180 (F) 720 (4F) 180 (FT
180 (F) 360 (2F) 360 (2F)
270 (F) 540 (2F) 270 (FT
180 (F) 360 (2F) 360 (2F)
180 (F) 360 (2F) 180 (F)
Note: Figures in parentheses refer to
frequency.
harmonic number relative to .flute-forming
The occurrences of critical speeds will, no doubt, vary for different
corrugators. This would depend on design, mechanical: condition, etc. Information
relative to the factors affecting commercial corrugator critical speeds and the
amplitudes of variations in top and pressure roll pressure, etc., may be helpful
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In addition to the flute-forming frequencies and their harmonics . the-.: 
power 'spectrums do suggest that other frequency; components may be present. 'For .-.
example, in Fig. 17, there appears to be an apparently significant component with
a frequency near 0.4, the flute-forming frequency . It appears'in both the operator
and drive side spectrums. In this run the flute-forming frequency is:279.6 flutes
per sec. Therefore, the lower corrugating roll is revolving at a rate of 2.50 r.p.s.
(279.6 divided by 112 flutes per revolution). The pressure roll is driven by two
48-tooth gears. Because the pressure roll revolves at the same rate as the lower
corrugating roll, the tooth engagement rate of the pressure roll gears would be
about 120 Hz - or about 0.43 times the flute frequency. It appears likely, there-
fore, that at the spectrum peak near 0.4 the flute frequency may be associated with
vibrations induced by the pressure roll gearing in this instance.
In Fig. 17, there are also possibly significant peaks in the power spectrum
near frequency ratios of 1.4-1.5, 2.4-2.6, and 3.6. In Fig. 15, there are small but
possibly significant peaks at frequency ratios near 1.5; 2.5, and 3.5 on one side
or the other. It is speculated that vibrations at such frequencies could be assoc-
iated with harmonics of the pressure and corrugating drive gear tooth contact rates.
For the Institute's A-flute corrugator, the fundamental gearing frequencies. as
ratios of the flute-forming frequency, would be about 0.43 and 0.71 for the pressure
and corrugator roll gearing, respectively. However, the spectral densities in-these
frequency regions were usually low and near the noise level. Hence, in most runs it
was not possible to accurately identify the significant frequency components in the
regions between the flute frequency peaks in the power spectrums. More accurate,
high resolution spectrums would be required-for this purpose. .
It is not certain that these frequency components are meaningful to high-
low flute formation. The low magnitudes of the spectral densities relative to those
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at the flute-forming frequency suggest that they might not induce enough variation
in the forming conditions from flute-to-flute to directly produce high-lows.
Nevertheless, components having frequency ratios near 0.5 or 1.5 would cause the
forming conditions to vary from flute-to-flute and tend to produce a high-low
pattern. Further work on this aspect of the problem may be warranted.
Table VI also shows the acceleration mean square values for each run.
The mean square value is obtained by squaring each value, summing over the entire
time period and dividing by the time. Thus, it is a measure of the variance of
the series and provides an overall measure of the intensity of the variations.
As speed is increased (see Runs 1-5, 12, and 14) it may be noted that the mean
square value increases rapidly. For the threefold increase in speed, the mean
square increased by about eightfold. This means that the amplitudes of the force
fluctuations on the medium due to transverse acceleration of the upper roll in-
crease as the speed increases. If the motion of the upper roll were simple
harmonic, the acceleration amplitudes would increase as the square of the speed,
hence the mean square values would increase as the fourth power of the speed.
Figure 22 shows that the top roll acceleration mean squares approximately increase
as the third power of the speed for the runs made at standard conditions with 26-lb.
medium. Apparently, the cushioning or dampening characteristics of the medium
reduce the growth in the forces due to motion of the top roll as speed increases.
It also may be noted on Table VI that the acceleration mean square values
on the drive side were greater than on the operator side in seven of the eleven
comparisons. This may be related to-the tendency for greater high-lows to occur
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Figure 22. Relationship Between Acceleration Mean Square Values'
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Top Corrugating Roll Pressure Power Spectrums
The pressure spectral densities at the flute-forming frequency, F, and its
harmonics up to 4F, are tabulated in Table VIII. The pressure power spectrums
obtained at 300 f.p.m. (Run 3) are illustrated in Fig. 23. Figures 24 and 25 show
the operator and drive side pressure spectrums obtained at 450 f.p.m. (Run 5).
The figures show that the top corrugating roll pressure fluctuations
exhibit major peaks at the flute-forming frequency and harmonics (frequency ratios
of 1.0, 2.0, 3.0, and 4.0 in the figures). Thus, as in the case of the accelera-
tion signals, the vibration amplitudes at these frequencies account for the major
proportion of the fluctuations in top roll pressure.
As in the case of the acceleration signals, the relative importance of
the harmonic components changes from run-to-run - depending on speed and other
factors. For example, on the operator side, the fourth harmonic component (fre-
quency near 720 Hz) exhibited a greater spectral density than the second harmonic
in five of the six runs made at 300 f.p.m. when 26-lb. medium was employed. The
exception was Run 8 but, in this run, a low top roll pressure was employed. The
behavior of the acceleration signals was somewhat similar and indicates that the
phenomena were not due to the transducers themselves. It appears that near 300
f.p.m. there is a tendency to excite top roll pressure vibrations at about 720
Hz for the Institute's corrugator. This may be a critical speed level for the
Institute's corrugator. A similar situation may prevail at speeds near 375 f.p.m.
where the spectral density of the third harmonic (about 675 Hz) is greater than
even the fundamental flute-frequency component.
While the acceleration mean square values increased with increasing









































































































































































































































































































































































































































































































































































































































































































































































. 1 2 3 1



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































Page 84 Fourdrinier Kraft Board Institute., Inc.
Report Two Project 2696-8
was changed. Possibly the pressure fluctuations occurring in the neighborhood of
critical speed ranges are sufficiently great as to obscure speed effects.
In most cases higher pressure mean square values were obtained on the
operator side. This may indicate that the accumulator on the drive side was more
effective in reducing pressure fluctuations than the accumulator on the drive side.
Figures 23-25 also indicate that there are no large components having
frequencies in the F/2, 3F/2, etc., range. Such components, if present, must
have relatively small amplitudes relative to the components at F, 2F, etc. Thus,
high-lows are more likely to be related to variations in the amplitudes at F, 2F,
etc., of the pressure fluctuations from flute-to-flute.
Web Tension Power Spectrums
Tension spectral densities at the flute-forming frequency and its har-
monics are summarized in Table IX. The power spectrums obtained at corrugating
speeds of 225, 300, and 375 f.p.m. (Runs 2, 3, and 4) are shown in Fig. 26-28,
respectively.
In general, the tension power spectrums for all runs were similar to
those for top corrugating roll pressure and acceleration. In all cases, the
spectrums were dominated by the components at the flute frequency and its higher
harmonics.
As mentioned previously, an examination of the tension signals obtained
at 450 f.p.m. suggested the tension arm was in resonant vibration at a frequency
of about 540 Hz. For example, the dominant frequency component in Run 14 carried
out at 450 f.p.m. was the second harmonic near 540 Hz. Although the tension signal
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appearance indicated a similar result would have been obtained. The 540 Hz component
is also quite large in most of the runs carried out at 300 f.p.m. where it appears as
the third harmonic. It also appears as the fourth harmonic in Run 2. In preparing
the tensiometer foruse in this study, measurements indicated its natural frequency
of vibration was in excess of 1000 Hz and no vibration mode near 540 Hz was evident.
Nevertheless, the data suggest a resonant mode in this frequency range. Therefore,
the tension data must be viewed with caution.
With this in mind, it may be noted that the tension mean square values
did not exhibit any obvious trend to increase as the corrugating speed increased
in Runs 1-4. Its behavior in this regard was similar to the top roll pressure
mean square values.
When the web tension was increased (Run 7) the mean square was lower than
in Run 6 (control) even though the tension was at a higher level. The increased
web tension did tend to suppress the third harmonic component which may account,
in part, for the lower mean square obtained at the higher tension level. Normally,
increasing the web tension increases high-lows. However, in this study, Run 7
(made with increased web tension) gave operator and drive side flute height differ-
ences of 1.13 and 2.11 pt. The corresponding flute height differences for the
control (Run 6) made with normal tension were 1.53 and 1.91 pt. Thus, despite the
greater web tension in Run 7, lower high-lows were obtained on the operator side
and the high-lows on the drive side were only modestly greater than in Run 6.
The lower tension mean square value for Run 7 relative to Run 6 suggests the varia-
tions in tension amplitude were somewhat lower in'Run 7. It is conjectured that
lower tension amplitudes in Run 7 may account in part for the'`decreases in'high-
lows on the operator side and the relatively modest increase in high-lows on the
drive side.
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Top Roll Molding Force Power Spectrums ' ' '' 
The molding force on the medium at' any instant in the' labyrinth should be;
dependent on (a) the top corrugating roll pressure and (b) the inertial force'due
to upper roll motion. The latter is'equal to the mass of the upper roll times its-
acceleration at a given instant in time.
For this study, molding forces were calculated in two ways and termed
(1) translational and (2) rocking force.
The translational force on each side of the machine was calculated from
the following equations:
F = PoA + (W/2g) a (8)o op 0
F d = PAp + (W/2g) a (9)
when
F , F = molding force on operator and drive sides,'respectively, lb.
P , Pd= top corrugating roll pressure on operator and drive sides,
- - respectively, p.s.i.
a , a = top corrugating roll acceleration on operator and drive
- - -sides, respectively, in./sec.2
A = area of piston on hydraulic system,' in.2
W = weight of upper roll and bearing blocks,-lb.
g = acceleration of gravity, in./sec. 2'
The above equations assume that the upper roll motion corresponds to that
of a simple one degree of freedom vibration system. One-half the mass (W/2g) of the
upper roll is assumed to act on each side of the machine. They also neglect the
static component of the top corrugating roll pressure, i.e., the average operating
pressure, in order to estimate the fluctuating or dynamic oscillations about the
average pressure.
Fourdrinier Kraft Board Institute, Inc.' Page 91
Project 2696-8 Report Two
The above model is highly oversimplified. One objection that immediately
comes to mind is that the force exerted by the upper roll is distributed across. the
roll face in a complex way depending on the nature and magnitude of the pressures
and motions on each end of the roll. For this reason, a second model was derived
to allow for a rocking motion of the upper roll, i.e., to allow for rotation of
the upper roll about an axis perpendicular to the length of the roll. Assuming
no flexure of the upper roll, the. following equations were derived (see Appendix II
for the derivation):
F = 0.608 a - 0.385 ad + 4.17 P - 2.99 Pd (10)
o o d o d
Fd = -0.385 a + 0.608 ad - 2.99 P + 4.17 P (11)d .0 d 0 d 
where
F = molding force, lb./in.
a = top roll acceleration, in./sec. 2
P = top roll pressure, p.s.i.g.
Subscripts o, d = operator and drive side, respectively
As in the case of the translational forces, the average component of the
top corrugating roll pressure is neglected in order to estimate the dynamic force
oscillations about the average. Essentially the rocking force model allows for
side-to-side rotational motions of the upper roll considered as a rigid number.
For a narrow width machine such as the Institute's corrugator, the assumption of
rigid body rotation may be a fair approximation. However, for wider machines,
flexure of the upper roll may take place requiring a more complex model.
The power spectrums for the forces calculated using Equations (8) to
(11) were similar in form to those for the base signals. Thus, the most important
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components in the force spectrums were those occurring at the flute-forming frequency
and its harmonics.
Tables X and XI show the mean square values and the spectral densities at
F, 2F, etc., for the translational and rocking forces, respectively. In general,
the components of the forces due to the accelerations of the top roll overshadowed
the components due to top roll pressure. As a consequence, the force mean square
values increase with increasing corrugator speed (e.g., see Run 1-5) as occurred
in the case of the acceleration mean square values. Figure 29 shows that the
translational force mean square values were linearly related to the acceleration
mean square values. This means that the translational forces are primarily depen-
dent on the acceleration of the upper roll because the pressure fluctuations were
relatively small in these studies. Figure 30 shows that the rocking forces mean
square values were also well related to the acceleration mean square values; how-
ever, the 450 f.p.m. points fall on a line to the right of the line for the other
speeds. Apparently, the interaction between the motion on operating and drive
sides reduced the rocking force intensities at the higher speed.
CORRELATIONS BETWEEN POWER SPECTRUM RESULTS AND FLUTE HEIGHT DIFFERENCES
Correlations were carried out to determine the degree of relationship
between the mean square and/or spectral density values for the measured.variables
and average flute height differences. The analysis was restricted to the eleven
runs for which both operator and drive side pressure and acceleration data were
available. A dummy variable technique was used to allow for the difference in
high-low levels between operator and drive sides. The tension data for Run 14
(corrugating speed of 450 f.p.m.) were also employed for Run 5 which was fabri-
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Figure 29. Relationship Between Translational Force and
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The two best regression equations are shown in Table XII. The first re-
gression equation involved the following variables: (1) corrugator speed, (2) the
mean square values for pressure, (3) the mean square values for acceleration, and
(4) an interaction term involving the pressure mean square and tension spectral
density at the flute-forming frequency. The speed, pressure, and acceleration
terms were significant at either of the 0.05 levels. The pressure times tension
interaction term was significant at the 0.10 level. A multiple correlation coef-
ficient of 0.88 was obtained for the relationship.
The regression coefficient for speed was positive. This indicates average
high-lows increase with speed which is in agreement with experience and past results.
A negative regression coefficient was obtained for the mean square value
of the top roll acceleration. This indicates that, at a given speed, average high-
lows tended to decrease as the acceleration mean square value increased. It may 'be
recalled that the mean square value is a measure of the variance of the series.
Inasmuch as the power spectrums showed that the main signal components were those
occurring at the flute-forming frequency and its harmonics, the acceleration mean
square values should be essentially proportional to the sum of the squares of the
amplitudes at these frequencies.
Higher acceleration amplitudes imply that the medium is exposed to greater
fluctuations in force about the mean level during the formation of each flute. At
a given speed, changes in operating conditions which increase the amplitudes of the
inertial force (higher acceleration mean square values) could lead to better molding
of the flute arches on the average. This, in turn, could give rise to lower high-
lows. Another way of viewing the cause for the negative coefficient for the acceler-
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motion, displacement 'is proportional to acceleration divided by'-the square of the 
frequency. At a given speed, changes in'operating'conditions which result in lower
"average" acceleration amplitudes (lower mean square values) would give rise to
smaller displacements of the top roll. This could result in poorer molding of the
medium and, hence, in increased high-lows.
Similar explanations may explain the negative coefficient for the pres-
sure mean square value in so far as the pressure Variations are associated with
top roll motion.
Web tension mean square values did not enter-into the regression equation
as a very significant factor.' However, the tendency for the tension. transducer to
exhibit resonant vibrations near 540 Hz probably was an interfering factor in the
regression analysis.
With these considerations in'mind, the results indicate that high-lows are
affected by the vibration amplitudes of the pressure and acceleration signals.
Better tension measurements are needed to determine the degree of relationship be-
tween tension fluctuations and high-lows. 
The correlations between the force mean square values and average flute
height differences were also investigated. The best regression equation was obtained
with the rocking force values .'and is shown in Table XII as Equation (2). Curiously,
the results appeared to indicate that high-lows were best related to corrugator
speed and the rocking force mean square values on the drive side, though the latter
is dependent on both operator and drive acceleration and pressure values due to the
method of calculation. The negative regression coefficient corresponded to that of
the pressure and acceleration mean square values in Equation (1). It appears to
imply that, at a given speed, operating conditions which increase the amplitudes
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of the molding force fluctuations (higher mean square values) could lead to better
molding of the medium arches.and,, hence, result in lower high-lows.
In addition to the above, an analysis was made to investigate, in a
limited way, the degree of relationship (coherence) between individual flute height
differences and variations in the pressure, tension, and acceleration signals. This
was done for a few selected runs. In time series analysis, coherence is analogous
to the square of the correlation coefficient in regression analyses.
For Run 9 which exhibited appreciable high-lows, a preliminary analysis
indicated there was little or no coherence at the high-low frequency (F/2) between
flute heights and the "average," maximum, or minimum level.of a given signal pre-
vailing during the formation of each flute.
Attention was then directed to using digital filters to approximately
separate out signal components having frequencies near F/2,-3F/2, etc., i.e., the
frequencies near the high-low frequency (F/2) or multiples thereof. ,The filtered
signals were then analyzed in conjunction with flute height data to determine the
degree of coherence at or near the high-low frequency. Extensive calculations
were required; hence, only three runs were analyzed in this way. The selected
runs are listed below:
:.~::'* .Av. Flute Height Diff., pt.
Run Corrugating Conditions Operator Side Drive Side
6 Standard conditions 1.53 1.91
7 High web tension 1.13 2.11
9 No steam shower 1.44 2.63
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The following results were obtained: -
1. For Run 9, fairly favorable results were obtained, particularly
on the operator side. The F/2 and/or 3F/2 components of the
pressure and tension signals associated with certain positions
in the flute exhibited statistically significant coherences
ranging from 0.58 to 0.70 with operator side flute heights.
The drive side flute heights exhibited lower coherences with
the same frequency components but except for one pressure
signal component were not significant at the 90% confidence
level.
2. For Runs 6 and .7, less favorable results were obtained. In
the case of Run 7, the F/2 components of.the drive side.
pressure and tension exhibited coherences of about 0.52 with
drive side flute heights.. This level of coherence approached
significance at the 0.05 level. Lower coherences were obtained
for the operator side results for Run 7 - perhaps because the
operator side did not exhibit appreciable high-lows. In the
case of Run 6, the highest coherences were obtained with the
pressure signals and the magnitudes (ca. 0.48) were at about
the 90% confidence level.
Examination of the results suggests that the meaningful signal components
were near the "noise" level of the experiment. The digital filtering techniques
do permit focusing attention on selected vibration frequency bands. However,
random vibrations and electrical "noise" having similar frequencies are also
accentuated. Hence, the resulting "noise" may have obscured relationships between
the variables and high-lows. These problems may be accentuated due to the aliasing
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of higher frequency components involved in reducing the signals to a form suitable
for direct analysis with flute heights.
FOURIER ANALYSES - ALL RUNS 
Fourier analyses were carried out to estimate the amplitudes and phases
of the flute-forming frequency component and its second and third harmonics for
all signals and runs. The analyses were based on the data for the first 12 flutes
in each instance, i.e., 12 replicates of eight data points each. It was restricted
to 12 flutes to reduce possible cumulative errors due to digitizing. Because there
were only eight data points per flute cycle, it was not possible to estimate fourth
or higher harmonic components.
As one consequence, when important fourth harmonic components (or higher
components) were present in a given signal, large prediction errors were commonly
obtained indicating a poor fit to the data. Also,-the statistical tests of signifi-
cance for the harmonic coefficients and differences between replicates were not
very sensitive.
The results obtained are summarized in Table XIII and XIV for operator
and drive side top roll acceleration, respectively; in Tables XV and XVI for
operator and drive side top roll pressure, respectively; and in Table XVII for
web tension. As would be expected, the semiamplitudes exhibit trends similar to
those obtained in the power spectral analyses.
The overall average magnitudes of the components at the flute-forming
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.: ' Semiamplitude :
Operator Side Drive Side
Top roll acceleration, g + 1.02 ± 0.91
Top roll pressure, p.s.i. + 3.69 ± 2.98
Web tension, lb./in. + 0.25
Relative to the average top roll pressures of 260 and 240 p.s.i. (operator
and drive sides, respectively) which prevailed in all but one run, the pressure
semiamplitudes are relatively small. Therefore, it appears likely that the oscil-
lations in top roll pressure are not great enough to directly cause high-lows.
Assuming that half the top roll mass (1034/g) acts on each side of the
machine, the average force semiamplitudes due to top roll acceleration, would be
about 530 and 470 lb. for the operator and drive sides, respectively. This is about
86 and 78 lb./in., respectively. For a top roll pressure of 260 p.s.i., the line
load is estimated at about 350 lb./in. for the Institute's corrugator. Thus, the
acceleration semiamplitudes at the flute-forming frequency correspond to a fluctua-
ting force of about ± 25% of the average top roll force. Consequently, the up-and-
down acceleration of the top roll produces a relatively large variation in force
on the corrugating medium. It appears possible that variations in the magnitude
of this fluctuating force from flute-to-flute could be related to the occurrence
of high-lows.
The average semiamplitude of web tension at the flute-forming frequency
was 0.25 lb./in. Relative to the average tension level of 0.5 lb./in. used in all
but one run, this amounts to a ± 50% variation in tension during the formation of
each flute. Inasmuch as tension increases toward the center of the labyrinth due
to friction, an initial oscillation semiamplitude of ± 0.25 lb./in. will be much
greater near the center. Thus, variations in the magnitude of the web tension
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from flute-to-flute could possibly be great enough to influence flute formation and,
hence, high-lows.
The acceleration semiamplitudes at the flute frequency increased with in-
creasing corrugating speed as would be expected. Figure 31 shows the relationship
between semiamplitude and speed for the runs made with 26-lb. semichemical medium
at standard conditions. Fitting a line to the data by eye, indicated the slope
was about 1.5. For simple harmonic motion, the slope would be 2.0. The lower
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Figure 31. Relationship Between Acceleration Semiamplitude at the Flute-
Forming Frequency and Speed (26-lb. Medium, Standard Corrugating
Conditions)
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The relative magnitudes of the second and third harmonics varied greatly
from run-to-run for the acceleration, pressure, and web tension signals. A similar
behavior was observed in the cases of the power spectral densities. At certain
speeds and depending somewhat on other conditions, certain parts of the corrugator
must be excited to vibrate at their natural frequency. These vibrations appear as
greater than "normal" high harmonics in the pressure, acceleration, and tension
signals. Further work is needed to identify the machine parts giving rise to these
vibrations.
Table XVIII shows the average second and third harmonic semiamplitudes as
percentages of the semiamplitude of the flute-frequency component. On the average,
the drive side acceleration second harmonic was much greater than on the operator
side. Thus, the top roll inertial forces on the medium due to the second harmonic
were different on the two sides of the corrugator during these runs. The web
tension results show that the second and third harmonic semiamplitudes averaged
67.5 and 87.7% of the semiamplitude of the flute-frequency component. Both appear
to contribute significantly to the web tension variations. However, the importance
of the third harmonic may be caused, in part, by the transducer itself.
The phase values on Tables XIII-XVII show the location in the cycle where
the maximum amplitude for the particular frequency is attained relative to the start
(t = 0). For a given run, the digitizing was carried out so that all signals had a
common starting time. The starting time was based on the operator side pressure
signal. It was selected so that it approximately coincided with a maximum peak in
the signal. These peaks occur as an arch of the flute is formed (see Fig. 1). For
this reason, the phases at the flute-forming frequency of the operator side pressure
signal are near 0° or 360 ° in most instances. Deviations from these values occurred




because the higher harmonics tended to obscure the, true maximum corresponding to
the flute-frequency component when the starting time was chosen.
TABLE XVIII.
AVERAGE SEMIAMPLITUDES OF SECOND AND THIRD HARMONICS
OF FLUTE-FORMING FREQUENCY
Signal
Top roll acceleration, g 
Operator side
Drive side






Ma. A: Max. Mn. v. a
101.2 26.1 55.4 45.3





















aPercent of flute frequency semiamplitude.
Run 14 omitted from average.
At the flute-forming frequency, the phase data indicate that the maximum
semiamplitude of the acceleration and pressure signal is-generally attained some-
what earlier on the drive side during formation of a flute.. This was generally
true for both pressure and acceleration.. There was some indication that the phase








Page 112 Fourdrinier Kraft Board Institute,'Inc.
Report Two Project 2696-8
CORRELATIONS BETWEEN FOURIER SEMIAMPLITUDES AND AVERAGE HIGH-LOWS 
Correlations were carried out to determine the degree of relationship
between the semiamplitudes of the top roll pressure, acceleration, and web tension
signals and average high-lows. The analysis was restricted to the eleven runs for
which both pressure and acceleration data were available. A "dummy" variable tech-
nique was used to allow for the difference in high-low levels between operator and
drive sides. The tension data for Run 14 (corrugating speed of 450 f.p.m.) were
also employed for Run 5 which was fabricated at the same speed..
For the semiamplitudes at the flute-forming frequency, the best regression
equations obtained with all factors significant at the 0.01 level were as follows:
Operator side: D = 0.11 + 3.30T + 0.58 Ad (12)
Drive side: D = 0.50 + 3.30T + 0.58 Ad (13)
where
D = average flute height difference, pt.
T = tension semiamplitude at flute frequency, lb./in.
Ad = drive side acceleration semiamplitude at flute frequency, g
The multiple correlation coefficient was 0.844. These results indicate
that greater average fluctuations in web tension and top roll acceleration at the
flute-forming frequency cause greater high-lows. Thus, machine conditions and
medium properties which affect either web tension or the up-and-down acceleration
of the top roll may be expected to affect high-low flute formation. The frictional
properties of the medium would be expected to affect the web tension fluctuations.
The medium also functions as a nonlinear spring/damper between the top and bottom
corrugating roll. Hence, properties of the medium which affect its flow and
I
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deformation under pressure may be expected to affect the up-and-down accelerations
of the top roll.
The operator side acceleration semiamplitude did not enter the equation
until late in the stepwise regression procedure. This probably occurred because
it was highly intercorrelated with the drive side acceleration values.
FOURIER ANALYSES - RUN 6
A more detailed Fourier analysis was carried out on the top roll pressure,
web tension, and top roll acceleration signals for Run 6. This run was carried out
at 300 f.p.m. under standard corrugating conditions. A more detailed analysis was
carried out for this run because the oscillograph records were digitized so as to
obtain approximately sixteen data points per flute per signal rather than eight as
in the case of the other runs. Thus, the additional data points enhanced the
statistical reliability of the Fourier analysis results.
For the analyses, the data for the first twelve flutes were utilized.
By treating the data as six replicates of 32 observations (two flutes), estimates
were obtained for the average semiamplitude and phase of components at F/2, F,
3F/2, - 4F where F is the flute-forming frequency (F = 186.3 Hz for this run).
The components at F, 2F, 3F, and 4F are termed the flute-forming frequency, second,
third, and fourth harmonics, respectively. As discussed previously, the procedures
outlined by Bliss (10) were used to evaluate the statistical significance of the
Fourier terms. It should be mentioned that the analysis was purposely restricted
to the data for the first twelve flutes to reduce cumulative digitizing errors.
For this run, the digitizing error over 120 flutes (1920 data points per signal)
amounted to about 0.2%, i.e., the observations extended over about 120.25 flutes
rather than 120 flutes.
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The results obtained in the analyses are summarized in Table XIX. ,In most
cases the components at the flute-forming frequency or its harmonics (frequency
ratios of 1, 2, 3, and 4) exhibited statistical significance at the 0.01 level.
On the other hand, the components at frequency ratios of 0.5, 1.5, 2.5 and 3.5 were
not statistically significant at the 0.05 level except in one instance. Their
magnitudes were also much lower than the magnitudes of the components at the flute-
forming frequency. These results confirm the power spectral analyses results which
indicated that the principal vibration components in all the signals were those
associated with the flute-forming frequency and/or its harmonics. In view of
these results, it appears that high-lows are more likely to be related to varia-
tions in amplitude and phase from flute-to-flute of the components at the flute-
forming frequency and/or its harmonics.
As would be expected from the power spectrum 2results,-the amplitudes of
the harmonics of the flute-forming frequency (F) were in some cases nearly as:
large as the components at the flute-forming frequency. For example, the fourth
harmonic component (frequency ratio = 4.0) on the operator side pressure signal
was the second highest component. Its amplitude was 67.5% as great as the com-
ponent at the flute-forming frequency. In the case of the drive side pressure
and the operator and drive side acceleration signals, the amplitudes of the second
harmonic (frequency ratio = 2), were 85.6, 53.8, and 90.6% of the amplitudes of
the respective flute-forming frequency components. The third harmonic (frequency
ratio = 3.0) in the tension signal was more than twice as great as the flute-
forming frequency component - possibly due to a resonant vibration at this fre-
quency in the tension transducer. Thus, all the signals were rich in harmonic
content. If the analysis was extended to higher frequencies, it is likely that
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that the stress environment during the molding of each flute is the complex result
of a number of frequency components. This may be expected to vary with corrugator
and operating conditions.
At the flute-forming frequency, the semiamplitudes of the pressure signals
were 3.828 and 1.699 p.s.i.g. for the operator and drive sides,respectively. The
top roll operating pressure levels were 260 and 240 p.s.i.g. on the operator and
drive sides,respectively. Thus, the pressure semiamplitudes were small relative to
the average operating levels and it seems unlikely that variations in their magnitude
could directly cause high-lows.
At the flute-forming frequency, the acceleration amplitudes were 0.928
and 0.866 g for the operator and drive sides, respectively. Assuming that half the
mass of the upper roll including bearing blocks acts on each side, the inertial
forces induced by the accelerations of the upper roll are obtained by multiplying
the accelerations in g units by half the weight of the upper roll (i034 lb.). On
this basis the acceleration semiamplitudes correspond to forces of 480 and 448 lb.
or about 80 and 75 lb./in. of width for the operator and drive sides, respectively.
The static force on the bottom corrugating roll for a top roll pressure of 260 p.s.i.
is about 350 lb./in. Thus, the force semiamplitudes indicated by the upper roll
accelerations are about 20-25% of the static component due to average top roll
pressure and roll weight. As a consequence, fairly substantial variations in
molding force on the medium are caused by the up-and-down accelerations of the
upper corrugating roll. It appears possible that variations on the molding force
from flute-to-flute could affect high-low flute formation.
The tension semiamplitude at the flute-forming frequency was 0.211 lb./in.
or about 40% of the nominal operating level of 0.5 lb./in. for this run. Thus,
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the initial tension force on the medium due-to the flute frequency component 
oscillates from about 0.289 to 0.711 lb./in. on the. average.- -A much greater.
semiamplitude of 0.487 lb./in. was obtained for the third harmonic of the flute
frequency implying that the web tension was oscillating from near zero to almost
1 lb./in. However, this semiamplitude may be erroneously great if it is due to
the transducer being excited at its natural frequency. Considering only the com-
ponent at the flute-forming frequency, it may be recalled that the maximum tension
in the nip is much higher than the initial tension (14). For example, for coef-
ficients of friction of 0.20 and 0.30, it was estimated in Reference (14) that
the ratios of maximum tension near the center of the labyrinth to initial tension
would be 4.1 and 8.5, respectively. Hence, the maximum average tension values
for these two cases would be 2.1 and 4.25 lb./in., respectively, for an initial
average tension of 0.5 lb./in. Superimposed on these average values would be
fluctuations of ± 0.87 and ± 1.79 lb./in. due to the tension component at the
flute-forming frequency. Hence, fairly large oscillations in web tension occur
within the corrugating labyrinth.
The phase values shown in Table XIX indicate the location in the cycle
where the maximum amplitude occurs. They are measured relative to an arbitrarily
selected common starting time for all signals. The starting time was selected to
approximately coincide with a peak in the operator side pressure signal corre-
sponding to the time when an arch of the flute which would later be bonded to the
liner was formed. Thus, for the flute frequency component (frequency ratio = 1.0)
the phase of the operator side pressure component was 0°. This indicates that the
operator side pressure flute frequency component was a maximum at t = 0 when the
arch of the flute which would subsequently be bonded to the liner was formed.
The corresponding phase for the drive side pressure signal was 295 °. This indicates
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that the maximum semiamplitude of the flute-frequency component of the drive: side
pressure led the operator side pressure by 65° (360-295°).. .
At the flute-forming frequency, the acceleration phases were 224 and 205 °
for the operator and drive sides, respectively. Thus, a phase difference of about
19° between operator and drive sides was obtained with the drive side leading the
operator side. Thus, it appears that the maximum semiamplitudes of both the top
roll pressure and acceleration flute frequency components are attained somewhat
earlier during the formation of a flute on the drive side.
At the flute-forming frequency, the maximum tension semiamplitude was
attained at' 80° , i.e., at about .the time a sidewall of the flute was. at the center
line. 
For two of the signals, operator side pressure and web tension, there
were significant differences between the six pairs of replicate flutes. Such
differences may be associated with trends in the mean value over the 12-flute
interval.
In addition, the analyses of variances indicated that in many cases
there were highly significant differences in the Fourier coefficients between
replicate flutes even over the 12-flute interval. At the flute-forming frequency
(frequency ratio = 1.0) this was true for all signals but drive side pressure.
The analyses also indicated in these cases that the differences between flutes
generally involved both the amplitude and phase of the components. Variations
in amplitude and/or phase from flute-to-flute would affect the stresses imposed
on the medium. Because such variations might be associated with high-low flute
formation, it was decided to investigate the nature and magnitude of the variation.
The results obtained are summarized in the following section.
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VARIATIONS IN INDIVIDUAL FLUTE HARMONIC COMPONENTS - RUN 6
For this phase of the analysis of Run 6, a Fourier analysis was carried
out on a flute-by-flute basis. The amplitude and phase of the flute frequency
component and the second, third, and fourth harmonics were determined for each
consecutive set of 16 data points per signal, i.e., for each flute.
The semiamplitudes for each harmonic and signal were averaged and the
coefficients of variation were calculated. The results are summarized in Table XX.
The coefficients of variation for web tension ranged from 16.0. to 52.5%. For top
roll acceleration, the coefficients of variation ranged from 13.6 to 37.6 on the
operator side and 16.3 and 33.7% on the drive side. Even greater variability was
found in the top roll pressure results. Thus, the data indicate that the ampli-
tudes of the main harmonic components exhibit appreciable variability from flute-
to-flute.
When the phase results were examined, two trends in the data were dis-
cerned. First, the phase values for each signal and harmonic decreased approxi-
mately linearly over the 118 flutes. At the flute frequency the change in phase
amounted to above 69 ° . This linear change in phase is believed to be due to the
cumulative errors in digitizing over the record length. It amounted to the equiv-
alent of a 0.2% error over 1888 data points or less than 1/4 flute in 120 flutes.
Second, it was observed that cyclic changes in phase were superimposed on the
linear trend. To better examine these cyclic changes, the phase values for the
flute-forming frequency component were adjusted for the linear trend using linear
regression and the adjusted values were smoothed using a short moving average.
The resulting phase values are graphed in Fig. 32 together with the absolute
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Figure 32. Phase of Flute Frequency Component and Absolute Flute
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Figure 32 shows that all signals exhibited an irregular cyclic change in
phase having an approximate frequency of 15 Hz. Peaks in phase often but not always
appear to coincide with larger flute height differences on one side or the other of
the machine. For example, a peak in phase at about Flute 13 or 14 appears to coin-
cide with a peak in the operator side flute height differences at Flute 14. The
phases generally peak about Flute 25 or 26 and large operator side flute height
differences occur in the same region. The drive side flute height difference peaks
near 23 and 28 flutes may also be associated with the phase peaks near 25 or 26.
All the phases peak at about the 38th or 39th flute and very large flute height
differences were obtained on the 'drive side in this region. Further points of
similarity are also evident in Fig. 31.
As an additional illustration, Fig. 33 shows the average phase for all
signals vs. flute number together with the average flute height difference for the
two sides of the machine. Peaks in phase were obtained at Flute numbers 4-5, 13,
26, 39, 50, 60, 71-74, 86, 96, and 110. Peaks in flute height differences were
obtained at Flute numbers 6, 17, 28, 40, 52, 60-62, 72-73, 81, 88, 94, 100, and.
117. A fair degree of correspondence in the two series appears to occur.
The above results appear to indicate the following for this run:
1. The phases of the first harmonic component (flute frequency)
exhibit an irregular cyclic behavior having a frequency of
about 15 Hz.
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Phase refers to the location or time during the formation of a flute when
the particular signal exhibits its maximum amplitude. As the phase shifts, the
maximum amplitude occurs at a different time in the formation of the flute. For
example, in the case of the pressure signal on the operator side, Fig. 32 shows
that the maximum amplitude shifts back and forth from the leading to the lagging
side of the flute arch. Similarly, in the case of web tension, Fig. 31 shows that
the maximum amplitude is sometimes attained as early as 60 ° (1/6 of the flute) or
as late as 110° (nearly at 1/3 of the flute). Thus, it may be speculated that
high-low flute formation is related in part to the points in time when maximum
stresses are applied during the formation of a given flute. This certainly appears
to be a fruitful area for future study. The phase shifts in the other harmonic
components should be examined. Also, similar analyses should be performed on data
obtained at other machine speeds, conditions, etc.
The cause for the phase variation is not known. The fact that all the
signals tended to exhibit similar though not identical cycles indicates they have
a common cause. Perhaps the phase shifts have their origin in a low frequency
vibration common to all signals or a beat frequency induced by two vibration com-
ponents. Possibly, small but cyclic variation in machine speed occurs.
The nature of the change in semiamplitude of the first harmonic components
of the acceleration and tension signals vs. flute number is illustrated in Fig. 34.
It may be noted that the acceleration semiamplitudes tend to exhibit a high-low
behavior, i.e., the amplitudes frequently vary in a high-low-high, etc., pattern.
The power spectrums (not shown) for the semiamplitudes of the flute frequency com-
ponents also indicated the presence of significant variations at about one-half
the flute frequency - a characteristic of a high-low pattern. By comparison with





































































































































































































Page 126 Fourdrinier Kraft Board Institute, Inc.
Report Two Project 2696-8
sometimes appear to coincide with unusually large high-lows. For example, Fig. 33
showed that fairly large high-lows were obtained around Flutes number 2, 6, 17,
28, and 40, etc. Fig. 34 shows that either the operator or drive side acceleration
semiamplitude was unusually high or low on the following flute numbers: 2, 5, 12-16,
20, 25, 30-32, 39. Thus, excursions in acceleration semiamplitude were associated
in some instances with large high-low differences.
However, a multiple linear regression analysis indicated that the semi-
amplitudes and phases at the flute frequency were not well correlated with either
algebraic or absolute flute height differences. This also held true for the semi-
amplitudes of the harmonic components. The acceleration and pressure semiamplitudes
were also converted into forces (translational and rocking) and correlated with
flute heights. Low correlations were also obtained following this approach.
A few limited trials were made to determine the degree of coherence be-
tween the flute height differences (absolute) and the tension and acceleration
amplitudes (first harmonic). Coherence is analogous to the square of the corre-
lation coefficient in time series analyses and is a measure of the relationship
between two series as a function of frequency. The tension semiamplitudes exhibited
a low but significant (90% level) coherence square of 0.60 at a frequency of 66.8 Hz.
The tension phase exhibited coherence squares of 0.42, 0.51, and 0.54 at frequencies
of 25.7, 56.6, and 72.0 Hz. However, these coherence values were not significant at
the 90% level. The averages of the acceleration semiamplitude differences for the
two sides gave coherence squares of 0.40 and 0.50 at 15.4 and 82.3 Hz, respectively.
These also approached but did not attain significance at the 90% level.
Possibly this approach would yield better results if several series could
be cohered with the flute height differences simultaneously. This would be analogous
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to multiple linear regression. Techniques are available to analyze time series in
this way but were not available for this work.
Summarizing briefly, the results from this phase of the analysis indicated
that:
1. The semiamplitudes of the signals at the flute frequency
and its harmonics exhibited considerable variation from
flute-to-flute. In some instances there appeared to be
an association between the larger changes in semiamplitude
at the flute frequency and larger flute height differences.
2. The phases of the semiamplitudes tended to display an
irregular cyclic behavior having a frequency of about 15
Hz. This corresponds to a period of about 12 flutes.
There appeared to be some association between phase peaks
and regions of larger flute height differences.
3. Despite the visual associations noted above, there appeared
to be no strong statistical relationship between the semi-
amplitudes or phases of the measured signals and individual
flute height differences.
As mentioned previously, the analysis of flute height differences 'indi-
cated they display autoregression behavior, i.e., the flute height at time t is
dependent on the previous flute height and a random component. The flute heights
on the single-faced board are "set" at the pressure roll nip. While the variations
in forming conditions in the labyrinth may affect the way the flutes are meshed at
the pressure roll nip, the lack of a strong statistical association between top
roll pressure, acceleration and web tension amplitude variations from flute-to-flute
and high-lows suggests that conditions existing at the pressure roll nip should be
I
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taken into account. In this way, it may be possible to explain the larger varia-
tions in flute height and also the autoregressive behavior. 
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APPENDIX I
MATHEMATICAL FILTERING
It is often desirable when analyzing a time series to alter the shape of
the series' power spectrum. Some examples of such cases might be the following (13):
1. We wish to study only that portion of the data whose frequency
content lies within the band w to w2.
2. We wish to remove a particular frequency, w , from the data,
so that other less dominant but significant frequencies can
be studied.
3. We wish to remove high frequencies from the data so that
longer term trends become apparent.
The requirements of each of the above cases could be met if it were pos-
sible to change the frequency content or power spectral shape of the time series.
More specifically, the objectives of the above three cases would be met if the
power spectral density vs. time curve in Fig. 35 (la-3a) were multiplied by the
curves shown in Fig. 35 (lb, 2b, and 3b, respectively). In Fig. 35, lb, the
value of the multiplying filter factor, S2(w), is zero for all frequencies except
those between wl and w 2, for which it is unity. Thus, no matter what the power
spectrum of the original time series looked like (Fig. 35, la), after multiplica-
tion by the function shown in Fig. 35, lb, the result would be a power spectrum
equalling zero for all frequencies except those between wl and w2, for which the
original spectrum shape would be preserved (Fig. 35, lc). Thus, only that portion
of the data with frequencies in the w, and w 2 band would be left in the time series.
The removal of a given frequency, say w , from a time series is accom-
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Transforming Equation (16) by using multiple-angle trigonometric identities
results. in
m m
t= A cos (wt + i) a. cos jw - Asin (wt + E) I a. sin'jw (17)
j=-m Jj=-m 
The amplitude [H(w)] and phase [F(w)] of the filtered series defined by Equation (17)
is
= m m ' 1/2
H(w) = A a. cos jw)2 + ( I a sin jw)2 (18)
(j- j= m
and
E a. sin jw
r(w) = - tan-1 -! (19)
Z a. cos jw
And since the amplitude and phase of the original time series, xt, are A and 0,
respectively, the square of the- amplitude of the filter spectrum is given by
Equation (20),
m m
S2(w) = ( I a. cos jw) 2 +- ( I a sin jw)2 (20)
j=-m J j=-m J
and the phase change caused by the filter is given by Equation (21).
E: a. sin-'jw
¢(w) = -tan- ! a- (21)Z a cos jw
It is not always apparent how to select the filter constants, a., to
achieve a given filter power spectral curve. But, by using Equation (20), it is
always possible to determine the exact filter spectrum shape as a result of select-
ing a particular set of filter constants, a..
For example, consider the case of the simple process of differencing of
a series of flute heights of single-faced corrugated board. That is, in order to
eliminate the average flute height from the data to allow concentration on the
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differences between flutes, a new time series, Yt, is formed from the original series
of flute heights, xt, as follows: ,..
y= x - xt-l (22)
Relating Equation (22) to the generalized filter defined in Equation (14), we see that
a similar transformation would be accomplished by choosing m = 1, a = -1, a = 1,
-- 1 -o
a- = 0. An expansion of Equation (14) for the case of m = 1 gives
t = a&- xt-1 + aoxt + al t+l. (23)
Substitution of the values for al chosen above results in a filter which
operates on the data exactly as defined in Equation (22). To determine what effect
such a transformation would have on the frequency content of the original series of
flute heights, the power spectrum of the transforming filter is computed from Equation
(20) and the chosen constants. The result of this computation is
S2(w) ": (1 - cos w)2 + (sin w) 2 (24)
which becomes
S (w) =2(1 - cos w) (25)
A graph of Equation (25) is shown in Fig. 36, -in which the ordinate represents the
square of the filter power spectral density function, S 2 (w), and the abscissa repre-
sents the frequency (cutoff frequency = 7r). This graph corresponds to Fig. 35, lb,
2b, and 3b inasmuch as it is to be interpreted'as that function which 'will be
multiplying the power spectrum of the original time series as a result--of the filter-
ing operation [Equation (22)]. It may be seen from Fig. 36 that the filter factor,
S2 (w), is zero at the zero frequency and increases continuously to 4.0 at the cutoff
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average value (zero frequency), attenuate low frequencies, and amplify higher fre-
quencies.
In the course of studying the pressure, tension, and acceleration signals
from a corrugator, it was found to be desirable to attenuate a fundamental frequency
and its three harmonics in the data. To accomplish this end, the following filter
was utilized:
Yt = -0.0625 (xt_24 + xt+2 4 ) - 0.25 (xt 1 6 + xt+16 )
- 0.50 (xt-8 + xt+) + 2.275 xt. (26)
The filter factor for this filter, S 2(w), is shown in Fig. 37 as a function of fre-
quency. It may be seen that the frequencies attenuated are o, F, 2F, 3F, and 4F,
where F is the frequency of flute formation.
The filter defined in Equation (26) was applied to the data in order to
reduce the power peaks of prominent frequencies and thereby produce data with more
evenly distributed power. Such a "flat" power spectrum results in more accurate
estimates of the power at each selected frequency. However, since the spectrum
of the original data has been altered, the results of the spectral analysis reflect
this charge and are,'therefore, difficult to interpret. To allow for a straight-
forward interpretation, a process known as "recoloring" was performed. This process
consists of multiplying the resultant power spectrum after analysis by the reciprocal
of the filter factor used when modifying the spectrum of the original data. The
filter factor is computed from Equation (20), using the constants from Equation (26):
S2(w) = {2.275 - 0.125 [8 cos 8w + 4 cos 16w + cos 24w]} 2 . (27)
To recolor the spectrum of the data to its original form, the power at each frequency
is multiplied by the reciprocal of the filter, factor -de-fined in Equation (27).
. , .·- ... 9, i.




































































































To compute these forces, the assumption is made that the upper corrugating
roll moves up and down as a rigid body, with both ends moving an equal amount so
that there is no rotation of the roll in a plane parallel to its axis. The free
body diagrams of forces acting on each end of the corrugating roll are shown in
Fig. 38. The symbols F, p and Z refer to the force on the medium, piston pressure,
and translational acceleration, respectively. The subscripts "op" and !'dr" refer
to the operating and drive sides, respectively. Combining forces and substituting
known quantities, we have
F =o1033.7 + (9K p
Fop = (2 / op T Pop
Fr= (1033. 7, ) +9











= force on operating side medium, lb.
= force on drive side medium, lb.
= acceleration on operating side, g units'
= acceleration on drive side, g units
= pressure on operating side, p.s.i.
= pressure on drive side, p.s.i.
3
The rocking forces are computed by assuming that the corrugating roll
can rock or rotate from hed to end in a plane parallel to its axis, as well as
L
i




translate as a rigid body along a line perpendicular to its axis. The free body
diagram for such a case is shown in Fig. 39. It is further assumed that the
corrugating medium acts as a linearly elastic foundation. After summing forces
and solving the resulting two equations for the operating and drive side medium
forces, we have:
fop= (0.608) yop - (0.385) dr (4.17) op - (2.99) Pdr









= force on operating side medium, lb./in.
= force on drive side medium, lb./in.
= operating side acceleration, g units
= drive side acceleration, g units
= operating side pressure, p.s.i.






















Figure 39. Free Body Diagram for Translational
and Rotational Motion
f
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